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ABSTRACT

To understand how the present day universe came to be, we must understand how the massive
structures in which we live formed and evolved over the preceding billions of years. Constraining
how galaxies grow are the most massive galaxies, called brightest cluster galaxies (BCGs). These
luminous and diffuse elliptical galaxies inhabit relaxed positions within their host cluster’s gravitational potentials and provide a look at the high mass extreme of galaxy evolution. The relaxed
structure, old stellar populations, and central location within the cluster indicate a high redshift
formation scenario, however, star-forming BCGs have been observed at much more recent epochs.
Addressing this evolutionary complexity, my dissertation consists of four studies to investigate the
growth rates of BCGs over several epochs, and how they relate to the growth of the general galaxy
population. In my first paper, I present a multiwavelength (far-ultraviolet to far-infrared) study
of BCG star formation rates and stellar masses from 0.2 < z < 0.7 (Cooke et al. 2016), selected
from the CLASH and SGAS surveys. I find that in-situ star formation in my sample is consistent
with overall quiescence, and star-forming BCGs remain very rare. In my second paper (Cooke et al.
2018), my sample’s redshift range is expanded to z ∼ 1 with the addition of massive BCGs (MStellar
> 1011 M ) from galaxy clusters available in the COSMOS X-ray Group Catalog. I find that star
formation is roughly constant in our sample of high mass BCGs from 0.3 < z < 1.0, with a possible
decrease at lower redshifts. We also find a growth rate of ∼ 1% yr−1 , inconsistent with portions of
the literature that find an order of magnitude higher growth from infrared selected samples. My
third paper (Cooke et al. 2019) identifies BCG progenitors out to z ∼ 3 using cumulative comoving
number density tracks from the Illustris Project. We identify three phases of growth, limiting the
star-formation dominated epoch to z > 2.25. Finally, my fourth paper (Cooke et al. in preparation)
places the preceding results in context by measuring the correlation between star formation rate
and stellar mass for all galaxies above the COSMOS mass completeness limit from 0 < z < 3.5.
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CHAPTER

1

INTRODUCTION TO BRIGHTEST CLUSTER GALAXIES

1.1

Brightest Cluster Galaxies

To understand humanity’s place in the universe requires understanding how the present day
universe and the diverse population of objects within it came to be. This includes researching
how our host galaxy, the Milky Way, and its neighbors were assembled from gas into the mixture
of stars, gas, and exotic objects seen today. A critical constraint on all galaxy evolution is the
history of the most extreme cases of galaxy growth, the most massive galaxies in the universe.
These exceptional objects are called brightest cluster galaxies (BCGs). Luminous and diffuse
(see example in Fig. 1.1), these massive elliptical galaxies inhabit the centers of their cluster’s
gravitational potentials and provide a look at the high mass extreme of galaxy evolution. This
may take the form of consistently elevated star formation in the early universe, or through intense
growth spurts much more recently in the form of star formation episodes or galaxy mergers. Such
exceptional objects provide important constraints on topics ranging from star formation rates to
mass accretion history. The goal of my dissertation is to understand what evolutionary
phases BCGs and their progenitors experienced, and how these relate to the overall
galaxy population. Following an introduction to the subject of BCGs and their host galaxy
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clusters in Chapter 1, my published works regarding BCGs at intermediate redshift (Cooke et al.
2016; Cooke et al. 2018) are included as Chapter 2 & Chapter 3, respectively. My recent work in
identifying high redshift progenitors and their relationship with local environment is included as
Chapter 4, and finally a study on the star formation – stellar mass relation for the mass complete
galaxy population of the COSMOS field as a function of environment between 0 < z < 3.5 is
included as Chapter 5. We conclude with a summary and discussion of directions for future work
in Chapter 6.

1.1.1

The Components of a Brightest Cluster Galaxy

Like any other galaxy, a BCG is primarily comprised of a dark matter halo hosting three baryonic
matter components; a stellar population, an interstellar medium (ISM), and a supermassive black
hole (SMBH) at its center. However, while BCGs appear similar to elliptical galaxies when visually
examining a cluster, they differ structurally and chemically from other elliptical or spiral galaxies
(Fig. 1.1). While spirals’ extended disks are typically filled with young stars and ample supplies of
cold hydrogen gas and dust to make even more stars, ellipticals lack these supplies (Hubble 1926).
At their traditional mass range (log10 MStellar > 1011.5 M ), BCGs represent the majority of the
galaxy population at this mass and inhabit a narrow red color space (Schawinski et al. 2010) due
to their old stellar population and lack of newly forming, bluer, stars (e.g., Goudfrooij et al. 1994;
Hirashita et al. 2015). This homogeneity to first order indicates a common formation mechanism
that formed the bulk of their stellar populations at high redshift (Marchesini et al. 2014). Ellipticals
lack any overall organized structure, exhibiting a triaxial ball shape with a dispersion supported
population of stellar orbits (Faber & Jackson 1976; Schwarzschild 1979; Kormendy et al. 2009; Oser
et al. 2011). This triaxial structure is often correlated with the home cluster, with the BCG long
axis aligned with the long axis of the mass distribution of the cluster (Ciotti & Dutta 1994). This
applies to satellite ellipticals as well for young clusters but alignment weakens with time as more
mergers and interactions occur (Rong et al. 2015). BCG stellar population masses are also shown
to be correlated with the growth of the diffuse intracluster halo stellar population (Contini et al.
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Figure 1.1: An example brightest cluster galaxy ESO 325-G004 (top left) in galaxy cluster Abell
S740. Note its lack of dust lanes, high luminosity, and large spatial scale in comparison to its
neighboring galaxies. (Credit: NASA, ESA, and The Hubble Heritage Team (STScI/AURA); J.
Blakeslee (Washington State University))
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2018), potentially providing evidence that the stellar growth of the BCG is related to the merger
history of the cluster.
BCGs are unique in comparison to the general elliptical population as well. Many of their
characteristics are outliers with regard to the luminosity and stellar mass functions calculated
from field and cluster satellite ellipticals (Von Der Linden et al. 2007). A striking example of
this is their inherently high optical luminosity that outshines the predicted brightest galaxy when
the entire cluster’s distribution of ellipticals is considered (e.g., Loh & Strauss 2006; Shen et al.
2014). Their radii are also extended, with surface brightness profiles shallower than the non-BCG
elliptical population (Oemler 1976; Graham et al. 1996). This is interpreted as additional evidence
for a history of minor and major mergers that disturb the stellar population and introduce enough
kinetic energy to push their orbits outwards (Bernardi et al. 2007; Liu et al. 2009).

1.1.2

Galaxy Clusters: The Hosts of Brightest Cluster Galaxies

BCGs commonly reside in a narrow, relaxed location in the position-velocity parameter space
of their host cluster, often near the center of the gravitational potential. Overall, the stellar mass
bound to individual galaxies forms a minority of the material of a cluster (∼ 1%). The rest of the
total mass is split between a diffuse gaseous component called the intra-cluster medium (ICM),
at 10% of the total mass, and finally an inferred dark matter halo for the remaining 90%. The
gravitational potential of massive clusters heats the ICM to the characteristic speed of a member
galaxy, ∼ 300 − 1200 km s−1 , corresponding to a gas temperature of 107−8 K (e.g., Sarazin 1986;
Sarazin & White 1988). Satellite galaxies orbit the cluster potential at the speeds above, pushing
through the ICM that can remove their cold gas supplies (Arnaud & Evrard 1999; Mohr et al.
1999). This removal of the cold interstellar medium (ISM) from a galaxy is called ram pressure
stripping (Takeda et al. 1984), and supplies the ICM with additional metal-enriched gas (Mitchell
et al. 1976). Another mechanism for gas to be transferred to the ICM from satellite galaxies is
galactic strangulation (Peng et al. 2015). A given galaxy normally hosts a hot halo of gas extending
outward beyond its stellar component. This gas is originally heated and forced to the outskirts
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of the galaxy through stellar feedback (supernovae) and the accreting supermassive black holes at
their cores, called Active Galactic Nuclei (AGN). If left alone, the gas will cool and precipitate
back onto the source galaxy (e.g., Bregman 1980; Fraternali & Binney 2008). This process is called
the galactic fountain, and is interrupted by encountering a galaxy cluster’s ICM that will unbind
the galactic halo, preventing further star formation in the galaxy and supplying even more gas to
inhabit the ICM (Boselli & Gavazzi 2006). With thousands of galaxies confined to volumes with
diameters of 1-10 Mpc, galaxies experience a higher chance of galactic harassment and interactions
(Moore et al. 1996). For example, if a spiral galaxy such as our own Milky Way Galaxy were to
enter a cluster, the gravitational perturbations from many close encounters with other like-mass
galaxies could disturb the disk structure of the galaxy over time and eventually transform it into a
fast-rotating elliptical galaxy (e.g., Moore et al. 1998).
The ICM may not stay heated throughout the cluster. Without a heating mechanism to inject
further energy into the ICM, the gas will radiate energy due to bremsstrahlung. Bremsstrahlung
radiation occurs when an ion’s path is deflected due to the electric field of another ion present. As
the temperature of the ICM is many orders of magnitude greater than the ionizing temperature
for hydrogen (107 K versus 105 K, respectively), the ICM will emit photons in the X-ray regime
(Cavaliere & Fusco-Femiano 1976). This X-ray emission cools the gas while conveniently providing
astronomers with another observational method to detect galaxy clusters. As bremsstrahlung is
dependent on density squared, the emission will be strongest in the center of the cluster. The
gas increases in density as it cools, raising the bremsstrahlung emission in a positive feedback loop
within the inner radii of the cluster (r < 10 –100 kpc) (e.g., Cowie & Binney 1977; Fabian & Nulsen
1977; Edge et al. 1992). The amount of catastrophic cooling predicted would lead to the delivery of
thousands of solar masses of gas to the BCG that would in turn host a star formation rate (SFR)
on order of ∼ 102 M

yr−1 (e.g., Fabian 1994). Clusters that exhibit this behavior are dubbed

‘Cool-Core Clusters’ (Cowie & Binney 1977; Fabian & Nulsen 1977; Edge et al. 1992). However this
is only seen in exceptional objects, as X-ray observations have found that most clusters do not host
gas below
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the viral temperature (e.g., Kaastra et al. 2001; Tamura et al. 2001; Peterson et al. 2001;
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Peterson & Fabian 2006) and cool-core cluster BCGs are the minority of the BCG population. The
majority remain quiescent elliptical galaxies with aging stellar populations (Thomas et al. 2005;
Treu et al. 2005; Jimenez et al. 2007) or include star formation triggered via galaxy mergers (O’Dea
et al. 2010; Tremblay et al. 2014). This was called the cooling-flow problem (Bregman et al. 2001;
Oegerle & Hill 2001; Peterson et al. 2001, 2003; Xu et al. 2002; Tamura et al. 2003; Bregman
et al. 2005, 2006), and required an additional source of kinetic energy to heat the BCG’s local
environment.

1.1.3

The Active Galactic Nuclei of Brightest Cluster Galaxies

The discrepancy between predicted ICM cooling rates and the observed hot ICM halos requires
the investigation of energetic sources that can heat the ICM, preventing it from cooling and accreting
onto the BCG. To supply the energies required, the current model points toward the supermassive
black hole in the center of the BCG (e.g., Fabian 2012; Gaspari et al. 2012). As gas from the cluster
and BCG media cool, it may be accreted onto the BCG’s SMBH. This actively accreting SMBH
is called an AGN. BCGs are observed to host overly massive SMBH in comparison to scaling
laws derived from observing non-BCG AGN and bulge stellar populations (Phipps et al. 2019).
However, BCG AGN masses do scale with the baryonic mass of the BCG, providing evidence of a
simultaneous growth process such as major mergers (Lakhchaura et al. 2019).
The accreting material forms an accretion disk immediately surrounding the SMBH (< 1 pc)
heated to 104 –107 K, and emits blackbody radiation through the optical to X-ray as a function
of decreasing radius. Additionally, at low radii is a region populated by optically thick gas clouds
orbiting the SMBH at high velocities (Broad Line Region; Peterson 1993; Kaspi et al. 2005).
Beyond the accretion disk and broad line region, the orbiting material transitions to a clumpy
obscuring torus at large radii (> 1 pc) (Krolik & Begelman 1986, 1988), that influences our ability to
observe the accretion disk based on the angle of the torus to our line of sight (Urry & Padovani 1995).
Finally, at large radii (> several kpc) are low density gas clouds traveling at slower speeds than
those in the broad–line region (Narrow Line Region; Bennert et al. 2002, 2006; Bianchi et al. 2012).
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These components collectively radiate from the X-ray to mid-infrared regimes. For particularly
active AGN, this emission can outshine the entire host galaxy (Quasars; Matthews & Sandage
1962). Therefore, when modeling the stellar parameters of BCGs, care must be taken to identify
these luminous objects and account for this additional, non-stellar, luminosity. If unaccounted for,
the emission from the AGN accretion disk and torus, in the UV and mid-infrared, respectively, will
cause overestimated star formation rates.
AGN accretion is a messy process that couples surplus accretion material with the local magnetic
field that surrounds the black hole and permeates the accretion disk. What results are relativistic jets of plasma emitted from the magnetic poles of the AGN (see references in Tchekhovskoy
2014). Seen in the bottom row of Figure. 1.2, these jets push through the BCG ISM and the ICM
surrounding the galaxy, imparting enough mechanical energy to inflate regions of hot, low density
gas (bubbles) within the ICM (Baum & O’Dea 1991; Churazov et al. 2002; Fabian 2012), thus
preventing the runaway cooling expected in cool-core clusters.

1.1.4

History of Brightest Cluster Galaxy Stellar Mass Assembly Studies

BCG formation models have experienced a transformation since their inception. The original
model relied heavily on a single formation event during reionization (z ∼ 3 − 10). The largest of the
initial density peaks in the dark matter content of the universe attract the corresponding largest
amounts of baryonic matter. This primordial gas cools to form stars in a single intense episode
called ‘monolithic collapse’ (Larson 1969). Peaks of differing sizes would form elliptical galaxies
of differing masses. If the system had large amounts of angular momentum and formed stars at a
slower pace, then spiral galaxies could form this way as well (Eggen et al. 1962). They would then
use their gas modestly as a continuous star formation process post-collapse. The collapse model
for ellipticals would consume their gas on small timescales, with the gravitational field becoming
dominated by stars instead of gas ∼ 1 Gyr into the collapse. However, this model fails to account
for ellipticals that form after the first few Gyr of the universe. This model is also difficult to test, as
resolving the morphological features of still-forming galaxies at high redshift is difficult, and their
7

Chapter 1. Introduction to Brightest Cluster Galaxies

Figure 1.2: Top Left: A graphic representation of the current AGN model. The SMBH in the
center is surrounded by a thin accretion disk of material (blue), surrounded by a clumpy obscuring
torus at greater radii (black). Material not accreted onto the SMBH may be ejected in the form of
collimated jets (Credit: Bill Saxton, NRAO/AUI/NSF). Top Right: The first direct observation of
an AGN obscuring torus (ellipse in center), taken by the VLA (Carilli et al. 2019). Bottom Left:
An example BCG with an active AGN (M87). The central AGN is not resolved, however its jets
are observable over kpc scales, imparting energy into the ISM of the BCG. (Credit: NASA) Bottom
Right: The plasma jets from the AGN hosted in Hercules A imparts significant kinetic energy on
the surrounding ICM, preventing it from cooling and descending into the galaxy. (Credit: NASA)
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Figure 1.3: The star formation rate density of the universe over redshift. The SFR density peaks
near z ∼ 2 and decreases in both directions in time. Dark and light red hexagons represent IR (81000 µm) derived SFRs. Green, blue, and violet squares, pentagons, and triangles plot rest-frame
UV derived SFRs. (Credit: Fig. 9 of Madau & Dickinson (2014))
high dust content obscures much of their optical starlight (e.g., Casey et al. 2014).
In order to create an elliptical galaxy via other means, they must be formed from the stellar
populations of other galaxies. Their ancestors would still form quickly in the initial dark matter
peaks (Treu et al. 2005), but consume their gas supplies in large star forming bursts before the
cosmic star formation peak at z ∼ 2 (Fig. 1.3). The BCG ancestor accretes additional stellar mass
through the much more disruptive behavior of galaxy mergers. The merger of two spirals, or a spiral
and elliptical, injects enough kinetic energy into the stellar population to randomize the stars’ orbits
and combine both masses toward a massive new elliptical galaxy (Toomre 1977). Another benefit
of this model is the triggering of additional star formation episodes. Seen in Figure. 1.4, the tidal
forces each galaxy exerts on the other perturbs not only the distribution of stars, but gas as well
(Barnes & Hernquist 1996). Once shocked, the cold gas clouds fragment and condense into large
starbursting sites (upper right) (Joseph & Wright 1985). Star formation continues as the two
galaxies coalesce, driven by radial inflows of cold gas deprived of orbital angular momentum during
the merger (lower left) (Mihos & Hernquist 1996). After this luminous event, the gas supply is
9
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Figure 1.4: Simulated merger by Lotz et al. (2011) of two spiral galaxies, evolving in time from top
left to bottom right. Blue points are sites of active star formation that are triggered by the tidal
forces of the initial interaction, and swiftly use up the gas supply by the end of the interaction.
forced out of the galaxy via supernovae from the dying massive stars from the starburst phase.
This removes the cold gas supply and strangulates future star formation. The final result is a new
elliptical galaxy with little to no star formation.
Recent studies from McIntosh et al. (2008), Liu et al. (2009), and Oliva-Altamirano et al. (2015),
as well as semi-analytic models from Tonini et al. (2012), show that while star formation may be
low or nonexistent, BCGs still grow by small margins (∼ 1%/Gyr). This is an order of magnitude
less intense than occurs in satellite ellipticals found via the red sequence technique (Ilbert et al.
2010). The discovery of star forming BCGs has complicated the issue, with new stellar populations
observed in merging and non-merging systems. This variety of BCG behavior has created an order
of magnitude dispersion in the results reported in the literature. For example, HST surveys of
BCGs indicate a stellar mass growth rate of 50% from 0.1 < z < 0.5 (Bai et al. 2014), while
Sunyaev-Zeldovich Source Catalog objects show 14% growth from 0.2 < z < 0.4 (Inagaki et al.
2015).
These discrepancies may be due to the dichotomy of selection routines in the literature. One
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family of research uses optical colors to identify galaxy clusters and cluster members, known as
the ‘red sequence’. The second uses X-ray observations to identify strong gravitational potentials
in which hot gas emits x-rays. Cooke et al. (2018) find that the red sequence selected studies
overestimate the star formation rate when compared to x-ray selected samples by an order of
magnitude, indicating a possible selection effect. The red sequence galaxies may be biased toward
clusters easily detectable in the optical bands while x-ray studies are not biased toward any optical
emission but are biased toward evolved clusters. Brightest cluster galaxy studies have also been
most commonly performed in narrow low-redshift ranges, with a gap outwards to the universal star
formation peak at z ∼ 2. The frontier of BCG progenitor work lies in the novel use of cosmological
simulations to select progenitors from large cosmic volumes (Morishita et al. 2015; Hill et al. 2017).
In these works, the number density of progenitors is used to define stellar mass cuts for observational
work. Hill et al. (2017) finds that massive galaxies exhibit UVJ colors consistent with star formation
until z ∼ 1.5, and find similar results in the dark matter and baryonic matter EAGLE simulation
(Schaye et al. 2014). They also find that stellar mass increases at all radii within the massive
galaxy progenitors. This may indicate that minor mergers, expected to contribute most efficiently
at larger radii, are only one component of the total growth process. My work builds upon these
works by using the Illustris Project to examine progenitors between 0.5 < z < 3.0.

1.1.5

Selection of Progenitor Candidates

The progenitors of BCGs must produce the old, massive populations that are already observed
at z ∼ 1. Additionally, their internal supply of cold gas should be removed, or heated, by z ∼ 1.
Afterwards, cooling flows and mergers should be the only delivery system available to introduce
new stars to the galaxy. These features imply extreme star formation at high redshift to expend
their gas supplies.
Due to the relatively slowly changing nature of stellar mass, at least in comparison to other
properties such as color and SFR, the most likely progenitors for BCGs are the most massive group
galaxies (MMGs) of the groups that will evolve into the massive clusters observed in the present day
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universe. These massive progenitors are identified by searching for galaxies with the same comoving
number density (van Dokkum et al. 2010). This method works by assuming that a population of
galaxies with a given comoving number density undergo stellar mass evolution, but not comoving
number density evolution. For example, consider Figure 1.5. Galaxies of a given comoving number
density bin at high redshift will increase in stellar mass with time as their gas supplies condense to
form stars. If their stellar mass evolution is due to in situ star formation and minor mergers, the
high redshift galaxy sample will evolve upwards in stellar mass slowly over time with a similar pace
as other galaxies in the same comoving number density bin (van Dokkum et al. 2010; Leja et al.
2013). While they will increase in stellar mass, a galaxy population in a given comoving number
density bin inhabits the universe at the same density in both high and low redshifts. Therefore,
by selecting high redshift galaxies using the comoving number density of a low redshift sample of
interest, one can compare progenitor and descendants of the same galaxy population.
A caveat here is that if major mergers occur, galaxies are added and removed from this population. This error can be reduced by using small redshift bins that limit the time for galaxies to
accumulate multiple major mergers. Fortunately, it’s been shown that the mass ratios in merger
events experienced by high mass galaxies are often low due to the large number minor mergers in
comparison to major mergers, minimizing this source of error (Leja et al. 2013). In this dissertation,
we use this method to investigate BCG evolution by first finding the number density of massive
BCGs we have examined at low redshift and searching the COSMOS field for the population of
galaxies that share the same number density at higher redshift, which are highly likely to the be
the most massive group galaxies.

1.2

Star Formation Rate Estimation Methods

As stellar life cycles are significantly longer than humanity can observe, approximations and
assumptions are necessary to estimate the rate of stellar mass growth in galaxies. Additionally, we
cannot measure every star of a new population due to many difficulties such as the obscuration of
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Figure 1.5: The stellar mass of galaxies at a given comoving number density is plotted at 5
redshifts from 0.1 - 2.0. Stellar mass evolution is believed to move upward via star formation
and minor mergers, while major mergers move galaxies between density bins. By identifying a
galaxy population at high redshift with the same cumulative comoving number density as the low
redshift sample of interest, the evolution between progenitors and descendants can be characterized.
(Credit: Figure adapted from van Dokkum et al. (2010))
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young stars by their birth clouds and the faintness of the numerous low mass stars formed in every
episode (e.g., Lada et al. 1991). Therefore, our understanding of the distribution of stars and their
masses in a given stellar population (called the initial mass function or IMF) is an approximation
as well. The IMF has been measured many times over the history of astrophysics, with named
distributions as the result (e.g., Salpeter 1955; Miller & Scalo 1979; Chabrier 2003; Kroupa 2001).
These functions were determined by identifying groups of stars assumed to be from the same burst
of star formation and counting the number of stars of each mass.
The earliest IMFs counted the brightest stars (Salpeter 1955), those of intermediate and high
mass, and will be used in Chapter 2, included in this dissertation (Cooke et al. 2016). Modern IMFs
probe newly observable low luminosity stars, corresponding to lower stellar masses. Chapter 2
implements the Salpeter (1955) IMF due to the focus on ongoing star formation (Cooke et al.
2016). The most massive, brightest stars that the Salpeter IFM accurately models, are the shortest
lived (106 –107 yrs). Using a method sensitive to the stars with the shortest lifetime ensures that
star formation approximations measure the instantaneous star formation happening at the time of
observation.

1.2.1

Spectral Energy Distribution Fitting

There are a multitude of wavelength-specific methods to approximate a star formation rate, but
the most comprehensive is to fit a model stellar population to the total spectral energy distribution
(SED) of a galaxy. In the SED example seen in Figure. 1.6, we show the observed fluxes (red
points) and redshift of the galaxy, and fit to these points a stellar population synthesis model from
a library of physically motivated models (Bruzual & Charlot 2003; Feltre et al. 2012). This process
must include dust extinction modifying the stellar emission (blue line, unobscured is black dashed),
and an AGN component (green) when appropriate. The far-infrared (FIR) component (red) is the
thermal dust emission, that is fit after the stellar emission is taken as a prior. This is an essential
step, as the FIR contains information on the obscured population that is obscured in the optical
and NUV. For the most heavily star forming systems, obscuration from the gas generating new stars
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can block the majority of emission. Once the fitting routine is completed, probability distribution
functions (PDFs) of all the modeled quantities are available to calculate the error of the fit.

1.2.2

Ultraviolet Methods

If SED fitting is unavailable or unreliable, methods calibrated to a single band or wavelength
range can be used. One of the simplest, as the most direct evidence for new star formation, is
the ultraviolet continuum. Ultraviolet radiation (10-400 nm) is emitted from thermal blackbodies
with temperature 104 -105 K, massive O- and B-type stars. Other stellar types have photospheres
below the temperature needed to produce UV photons. Ultraviolet radiation with wavelengths
< 91.2 Å is absorbed by hydrogen gas that becomes ionized as the stellar UV emission heats the
gas to 104 K. UV emission at longer wavelengths are effectively absorbed by embedded dust. For
stellar UV emission to be measured, massive stars must have dispersed their birth clouds. This
requirement, combined with the short lifetime of massive stars, means that these stars have already
spent a significant portion of their short lives (106 –107 yr) obscured and any observation of them
indicates ongoing or recent star formation. The convenience of this method is that the continuum
luminosity density is all that is required. UV continuum is the most direct tracer we have for star
formation as the UV radiation is emitted directly from massive young stars, while all the other
methods covered here rely on secondary heating effects. Unfortunately, obscuration in the UV is
so prevalent that less obscured regimes such as the FIR are favored in order to estimate a total
(obscured plus unobscured) star formation rate. The prescription used in Chapter 2 (Cooke et al.
2016) for approximating star formation rates from the UV is described in Eq. 1.1, where Lν is the
luminosity density in the UV. This relation uses the Salpeter (1955) IMF and limits the predicted
stellar mass distribution to be between 0.1 and 100 M Kennicutt (1998).
SF R (M yr−1 ) = 1.4 × 10−28 Lν (ergs s−1 Hz −1 )

(1.1)

Contamination of the ultraviolet comes from two sources, aging extreme horizontal branch
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Figure 1.6: An example spectral energy distribution from SED3FIT (Berta et al. 2013) for one of
my BCG progenitors used in Chapter 4 from the COSMOS2015 catalog (Laigle et al. 2016). Fitted
red points are from Subaru, Spitzer, and Herschel. Total emission is plotted in black, stellar total
in dotted black, stellar unobscured in blue, AGN torus emission in green, and dust emission in red.
The fit residuals are included as the subplot below the SED. The probability distribution function
for fit parameters such as total infrared luminosity, stellar mass, and SFR are included below.
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(EHB) stars and an AGN. Surveys of elliptical galaxies have found a surplus of UV emission that
cannot be accounted for given the observed star formation rates. The old nature of the primary
stellar population in ellipticals is considered the source (Dorman et al. 1995). The horizontal
branch is a post-main sequence evolutionary phase of solar mass stars when their core’s supply of
hydrogen has been depleted due to main sequence (H to He) fusion, and the core has contracted
enough to burn helium. Hydrogen burning still occurs in a shell surrounding the helium core. This
phase includes a contraction of the hydrogen envelope, and higher surface temperatures. The most
extreme examples of this phase, called Extreme Horizontal Branch (EHB) stars, have observed
surface temperatures of several times 104 , hot enough for thermal UV continuum emission.

1.2.3

Optical Methods

If the UV is unavailable or contaminated, methods in the optical regime can be used. The
optical continuum ranges from 400–700 nm, and is dominated by non-ionizing radiation emitted
from 7000-4000 K blackbodies such as A, F, G, and K stars. The optical is less sensitive to age, as
longer lived F and G stars (109 –1010 yr) dominate the red end of the optical. This is most useful
for stellar mass approximations from SED fits where sampling the majority of stars, those that live
the longest, is of utmost importance.
Useful star formation rate diagnostics in the optical regime are emission lines. Some emission
lines, such as Hα and Hβ, are created by electrons recombining with ionized hydrogen and emitting
photons as they cascade down the energy levels available to them. Others such as [OII] are collisionally excited. The perfect environment for both is caused by the ionizing radiation from O and
B stars. They heat their surrounding gas-filled environments to 104 K, photoionizing hydrogen and
collisionally exciting metal species. 104 K is sufficient to collisionally excite the optical recombination lines of [OII] and [OIII]. Optical emission is less sensitive to obscuration than the ultraviolet,
but it still must be corrected for. In Chapter 2, we use the prescriptions of Kennicutt (1998) for
Hα and [OII] due to their longstanding use in the literature, enabling consistent comparisons to
past works. Taking the integrated emission line luminosity of Hα, L(Hα), we estimate SFR using
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Eq 1.2:
SF R (M yr−1 ) = 7.9 × 10−42 LHα (ergs s−1 ).

(1.2)

Similarly, SFR is also estimated via the integrated luminosity of the [OII] emission line (L[OII])
using Eq. 1.3:
SF R (M yr−1 ) = (1.4 ± 0.4) × 10−41 L[OII] (ergs s−1 )

1.2.4

(1.3)

Infrared Methods

Finally, we can look for stellar light that has been reprocessed in the infrared. This method is
extremely useful in the gas and dust rich environments of star-forming galaxies at high redshift,
as the FIR includes emission dust heated by obscured star formation. The infrared regime above
all other regimes is the dominant emission range for dusty galaxies, while the UV becomes a
significant contributor for the typical, less obscured, galaxy population. The infrared regime is
extremely broad, from 1–1000 µm, and is dominated by the thermal emission of dust grains. This
dust is present at the edges of the stellar birth clouds, too far away to be dissociated by the UV
radiation of the massive stars. Dust closer to stars will emit at shorter infrared wavelengths such
as 24 µm, whereas ambient dust in the ISM is best seen at 160 µm. Each wavelength has unique
observational requirements. 24 µm observations are possible with more traditional CCD technology
in telescopes such as the Wide-Field Infrared Telescope (WISE) and the Spitzer Space Telescope,
but observes wavelengths that are highly sensitive to the emission from the dusty torus surrounding
an actively accreting AGN. If confirmation of AGN activity is not available, this contamination
may lead to overestimated SFRs. Observing at 160 µm or beyond requires actively cooled satellites
such as the Herschel Space Observatory, but Herschel possesses similar resolution to Spitzer 24
µm imaging and explores a regime less affected by AGN. Both wavelengths have the caveat that
this cool dust retains its temperature longer than ionized gas, leading to measurements closer to
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averages over extended time rather than of the immediate star formation rate. As the dust can
be simply treated as a cool blackbody, the FIR continuum prescription from Kennicutt (1998) is a
simple conversion requiring the total infrared luminosity between 8-1000 µm (LIR ) and producing
a total SFR estimate through Eq. 1.4:
SF R (M yr−1 ) = 4.5 × 10−44 LIR (ergs s−1 )

1.3

(1.4)

Dissertation Synopsis

In Chapter 2, we present a NUV-FIR study of BCG star formation rates from 0.2 < z < 0.7
(Cooke et al. 2016) as a follow-up to the discovery of a merging, star-forming BCG (Tremblay
et al. 2014). We investigate high mass (MStellar > 1011 M ) BCGs from the CLASH and SGAS
surveys that selected clusters for high degrees of gravitational lensing to investigate the highest
mass end of the cluster mass function. To estimate the SFRs and stellar masses of my sample, we
fit archival photometry of Galaxy Evolution Explorer (GALEX), Hubble, and WISE space telescopes
alongside Herschel Space Observatory observations using the SED fitting software MAGPHYS, as
well as optical emission lines from the Sloan Digital Sky Survey (SDSS) to independently estimate
unobscured SFRs. We also use NUV and optical photometric correlations to estimate the level of
most recent star formation. We found that star formation is too low to account for the factors of
two to three in stellar mass growth since z ∼ 1 reported in the literature (e.g., Marchesini et al.
2014), requiring a model where gas poor mergers deliver stellar mass to BCGs from z < 1.
In Chapter 3, we expand my sample’s redshift range to z ∼ 1 (Cooke et al. 2018) with the
addition of massive BCGs (MStellar > 1011 M ) from galaxy clusters with high numbers of redshift
confirmed members (NM embers > 30) available in the COSMOS X-ray Group Catalog (Finoguenov
et al. 2007; George et al. 2011). In collaboration with Dr. Kevin Fogarty, we use his customized
version of the SED fitting software iSEDFIT to model the total obscured plus unobscured SFRs.
Our grid of models used Bruzual & Charlot (2003) stellar population models with a Salpeter
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(1955) IMF. We find that star formation is roughly constant in our sample of high mass BCGs
from 0.3 < z < 1.0, with a possible decrease at lower redshifts. We also find a growth rate of ∼ 1%
Gyr−1 , inconsistent with portions of the literature that find an order of magnitude higher growth.
Finally, we include our redshift-dependent version of the MStellar –νL3.4µm luminosity conversion,
that has previously only been used at low redshift (e.g., Wen et al. 2013; Fraser-McKelvie et al.
2014). This conversion will assist the field in making first order stellar mass approximations without
the need for full SED fitting. This also provided evidence for a stellar population aging in a steady
state since z < 1.0. Interestingly, our sample exhibited lower sSFRs than BCGs hosted in more
massive clusters, indicating an environmental dependence on the growth rates and/or fuel sources.
Chapter 4 addresses the role of environment on the star formation rates of BCG progenitors
out to z ∼ 3 in the COSMOS field (Cooke et al. 2019). To avoid progenitor bias (Dokkum &
Franx 1996), where the most massive progenitors would be selected and major merger partners
are ignored, we select progenitors using an evolving cumulative comoving number density selection
function motivated by the number density evolution tracks published from the The Illustris Project
(Genel et al. 2014; Vogelsberger et al. 2014; Vogelsberger et al. 2014; Torrey et al. 2017). We
use the SED fitting software packages MAGPHYS & SED3FIT to model the contributions of both
star formation and AGN activity to estimate star formation and stellar masses and then correlate
these results with local density measurements from the density maps developed by Darvish et al.
(2014). We find that BCG progenitors develop their stellar mass in three primary epochs, a star
formation dominated epoch at z > 2.25, a star formation and merger composite epoch between
1.25 < z < 2.25, and finally a dry merger dominated epoch from z < 1.25 to present day. Local
environment does not affect our star formation estimates at z > 1.1.
Chapter 5 provides the context to my previous study’s high mass, high redshift sample by including all galaxies with stellar masses above the stellar mass completion limit of the COSMOS2015
catalog (Cooke et al. in preparation). We use MAGPHYS for non-AGN and SED3FIT for IR AGN
identified through their initial MAGPHYS fits. We plot our sample’s SFR and stellar mass estimates
to examine the star formation rate – stellar mass correlation (alternatively known as the ‘star20
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forming main sequence’ or SFMS). The SFMS is a tight correlation indicating the SFR parameter
space a galaxy is likely to inhabit given its stellar mass. This study aims to determine how local
environment affects all detectable masses, not just the high mass end of the galaxy mass function.
By plotting this correlation as a function of redshift and environment, we find that star formation
rate is correlated with local environment only in our lowest redshift bins (z < 0.9) and is primarily driven by the change in median star formation rate of blue, star-forming galaxies in dense
environments.
Overall, my dissertation estimates the mass assembly history of BCGs and their progenitors
surrounding the epoch of peak star formation (z ∼ 2, Madau & Dickinson 2014), and compares this
behavior to that of the galaxy population at large as well as the local environment of these galaxies.
We find that local environment, as defined by a multiple of the mean density in each redshift slice,
does not significantly affect the star formation rates of its resident galaxies until z < 1. As this
lack of dependence is seen across stellar masses, this indicates that star formation is experienced
in a homogenous fashion across the universe at z > 2, and that the environmental effects hosted in
dense environments may only significantly affect its residents at z > 1.
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CHAPTER

2
STAR FORMATION IN INTERMEDIATE REDSHIFT
0.2 < z < 0.7 BRIGHTEST CLUSTER GALAXIES

2.1

Abstract

We present a multi-wavelength photometric and spectroscopic study of 42 Brightest Cluster
Galaxies (BCGs) in two samples of galaxy clusters chosen for a gravitational lensing study. The
study’s initial sample combines 25 BCGs from the Cluster Lensing and Supernova Survey with
Hubble (CLASH) sample and 37 BCGs from the Sloan Giant Arcs Survey (SGAS) with a total
redshift range of 0.2 < z < 0.7. Using archival GALEX, Hubble Space Telescope, Wide–Field
Infrared Survey Explorer, Herschel, and Very Large Array data we determine the BCGs’ stellar
mass, radio power, and star formation rates. The radio power is higher than expected if due to star
formation, consistent with the BCGs being active galactic nucleus (AGN)-powered radio sources.
This suggests that the AGN and star formation are both fueled by cold gas in the host galaxy.
The specific star formation rate (sSFR) is low and constant with redshift. The mean sSFR is 9.42
× 10−12 yr−1 , which corresponds to a mass doubling time of 105 billion years. These findings are
consistent with models for hierarchical formation of BCGs, which suggest that star formation is no
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longer a significant channel for galaxy growth for z ≤ 1. Instead, stellar growth (of the order of a
factor of at least two) during this period is expected to occur mainly via minor dry mergers.

2.2

Introduction

The most massive and luminous galaxies observed are the Brightest Cluster Galaxies (BCGs).
They are typically located in the centers of galaxy clusters, indicating a relaxed position in the
cluster potential. Their formation models are environmentally dependent, and distinct from typical
elliptical galaxies (e.g., Lin & Mohr 2004; Brough et al. 2005; De Lucia & Blaizot 2007). BCGs are
also more likely to host active galactic nuclei (AGNs) than other galaxies of the same stellar mass
(e.g., Best et al. 2007; Von Der Linden et al. 2007). This indicates that these objects play a pivotal
role in quenching cooling flows and star formation in clusters (McNamara & Nulsen 2007, 2012;
Fabian 2012). BCGs have been recently shown to lie off the standard scaling relations of early-type
galaxies (e.g., Bernardi et al. 2007; Lauer et al. 2007; Von Der Linden et al. 2007; Bernardi 2009).
In particular, they show excess luminosity (or stellar mass) above the prediction of the standard
Faber–Jackson relation at high galaxy masses (e.g., Lauer et al. 2014).
Stellar population synthesis models suggest that the bulk of star formation in most massive
galaxies took place prior to z ∼ 2 (e.g., Thomas et al. 2005; Treu et al. 2005; Jimenez et al. 2007).
Semi-analytical models also suggest that the stars that make up most of the BCG mass are formed
very early on (80% by z ∼ 3; De Lucia et al. 2006, De Lucia & Blaizot 2007). Only after most
stars have been formed does the final galaxy assembly take place via merging. The final galaxy
mergers in BCG formation (z < 1) are expected to be predominantly dissipationless (or dry, i.e.,
not involving large amounts of gas; Khochfar & Burkert 2003, De Lucia & Blaizot 2007 ,Vulcani
et al. 2016).
Thus, a strong prediction of the hierarchical galaxy formation models is that at z < 1, star
formation should make a only minor contribution to the growth of the stellar mass of BCGs. This
has been confirmed at low redshift (e.g., Pipino et al. 2009; Donahue et al. 2010; Wang et al. 2010;
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Liu et al. 2012; Fraser-McKelvie et al. 2014). The vast majority of the BCGs studied previously have
been at z < 0.3. McDonald et al. (2016) explored a much larger redshift range from 0.25 < z < 1.25
and found that BCG star formation transitions from a non-relaxed cluster potential paradigm at
z > 0.6 to a cool-core paradigm at z = 0. They also find that at z ∼ 0.4, 20% of BCGs are forming
stars at > 10 M yr−1 . To investigate this transition era, we present a study of star formation in
two samples of BCGs (in clusters chosen for the study of gravitational lensing) that lie in the range
0.2 < z < 0.7.
The outline for the paper is as follows. In Section 2.3, we discuss the sample selection criteria.
In Section 2.4, we discuss the archival data used in the analysis. In Section 2.5, we discuss how we
estimated the star formation rates, stellar masses, and radio power for the BCGs. In Section 2.6,
we discuss the implications for formation models of BCGs. In Section 2.7, we give our conclusions.
This paper uses the current lambda cold dark matter (ΛCDM) parameters of H0 = 70 Mpc−1
km s−1 , ΩM = 0.3, and Ωvac = 0.7.

2.3

Sample Selection

We studied all the BCGs from two samples of clusters selected for studies of gravitational
lensing - the Sloan Giant Arcs Survey (SGAS: Bayliss et al. 2011) and the Cluster Lensing and
Supernova Survey with Hubble (CLASH: Postman et al. 2012). The two samples cover a redshift
range 0.2 < z < 0.7. The clusters were not chosen on the basis of the star formation properties of
the BCGs. The coordinates, redshifts, and modeled stellar mass of this BCG sample are described
in Table 1 and their star formation rates from UV and optical methods are listed in Table 2.
The 37 clusters in SGAS includes clusters selected from two different surveys and methods
(Oguri et al. 2012). The first method is visual inspection of SDSS photometry of BCGs for strongly
lensing systems (Bayliss et al. 2011, M. D. Gladders et al., in preparation). The second method is
a “blind study” in which SDSS g-band images of the 240 most massive clusters in the SDSS are
selected based on lensing strength (Hennawi et al. 2008).
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The selection criteria for the 25 CLASH clusters are discussed in detail by Postman et al. (2012).
They selected 20 massive clusters from X-ray-based compilations of dynamically relaxed systems.
Of these 20 clusters, 16 were taken from the Allen et al. (2008) compilation of massive relaxed
clusters. An additional five clusters were added due to their exceptional strength as gravitational
lenses (Einstein radii > 35”). The star formation properties of the CLASH BCGs are discussed
independently (Donahue et al. 2015; Fogarty et al. 2015) with results that are in agreement with
those reported here.

2.4
2.4.1

Archival Data
GALEX Observations

In order to measure the population of young, massive stars in BCGs we obtained archival farUV (FUV) and near-UV (NUV) band total pipeline photometric magnitudes from the GR6/GR7
release of the Galaxy Evolution Explorer (GALEX; Martin et al. 2005). GALEX photometry is
taken using a 50 cm diameter Richey–Chretien telescope with a 1.◦ 2 circular field of view. To
correct for galactic extinction, E(B − V ) values are retrieved from the GALEXview webpage for
each of the target locations observed by GALEX (Morrissey et al. 2007). Internal extinction is not
corrected for due to Hα being redshifted out of SDSS spectral coverage for much of our sample.
This prevents the use of the Balmer decrement to approximate internal dust levels across our entire
sample. Our sample K-corrections are not calculated in the UV due to the presence of limits in the
SDSS observations necessary for k-correction calculation. Previous CLASH UV findings (Donahue
et al. 2015) have found k-corrections are less than 10% and do not significantly effect results.
Archival data is a mixture of All Sky and Medium Imaging with depths of 20.5 and 23.5 mAB
respectively. For the farthest and least sensitive AIS case, MACS1149.6+2223, this corresponds to
a SFR upper limit of 4.84 M

yr−1 . Even in the worst-case scenario, this is still sensitive enough

to detect examples of exceptionally high star formation and we only use these limits in cases with
no optical emission line detections.
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The UV contribution from an old stellar population, called the “UV-upturn” (O’Connell 1999),
can be addressed through modeling of the spectra of other ellipticals in the BCG’s cluster (e.g.
Hicks et al. 2010; Fogarty et al. 2015). In order to predict the old stellar UV contribution in
a given target, we acquired a UV-optical-near-infrared (NIR) spectrum previously constructed
using satellite ellipticals in the CLASH sample clusters (Fogarty et al. 2015, and K. Fogarty 2016,
private communication). These templates are composites of quiescent populations and do not
include ongoing star formation components. To approximate the UV from old stars, Fogarty et al.
(2015) scaled their template to the available UV-Optical-NIR observations of the CLASH BCGs
and derived a modeled J-band flux. The correlation between J-band and NUV for old stellar
populations in BCGs prescribed in Table 5 of Hicks et al. (2010) was then used to generate an old
stellar NUV flux. We performed our SED scaling using the I-band from SDSS. The Z-band was
not used due to the more common occurrence of upper limits.

2.4.2

Sloan Digital Sky Survey Observations (SDSS)

In order to measure the optical SED of the BCGs, we use the Catalog Archive Server Jobs
System (CASJOBS; Li & Thakar 2008) to obtain archival ugriz Petrosian magnitudes (Petrosian
1976) from the SDSS (Gunn et al. 2006). SDSS reports that the pipeline Petrosian magnitudes
reliably include 80% of a galaxy’s light independent of distance (Blanton et al. 2001). We use
Data Release 12 (DR12) results (Alam et al. 2015). If the observed Petrosian magnitudes are
lower than SDSS ugriz limiting magnitudes [22.0, 22.2, 22.2, 21.3, 20.5], respectively, the galaxy
is considered a non-detection and the Petrosian magnitude is used as a limit (Ahn et al. 2012).
We take extinction magnitudes from the photoObj SDSS tables to correct Milky Way foreground
extinction. Foreground extinction magnitudes assume a Milky Way Galaxy extinction map from
(Schlafly & Finkbeiner 2011) assuming a galactic reddening of Rv = 3.1.
To measure the emission line features of the BCGs, we use archival spectral measurements and
errors from SDSS DR12. SDSS multi-object spectroscopy is taken using fibers that subtend 3” on
the sky, large enough to include the majority of a given BCG. The effects of this fixed aperture
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size, and its relation to the other apertures used for the photometry, are discussed in Section 2.5.
Emission and absorption features in SDSS spectra are fit and stored in the galspecLine view in the
publicly available Sky Server database of SDSS as a feature of the standard pipeline reduction of
DR12. Foreground extinction was corrected for using the Milky Way extinctions calculated above.

2.4.3

WISE Observations

The Wide-field Infrared Survey Explorer (WISE) is a NASA space telescope (Wright et al. 2010)
designed to perform an all sky survey using four bands. To constrain the old stellar population
during SED fitting, we retrieved WISE profile fit 3.4, 4.6, 12 and 22 µm (W1, W2, W3, and W4)
magnitudes from the NASA/IPAC Infrared Science Archive AllWISE Source Catalog (Cutri & et
al. 2013). The AllWISE catalog co-added exposures from the cryogenic and NEOWISE phases,
resulting in 5σ flux detections at 16.9, 16.0, 11.5, and 8.0 mV ega for W1, W2, W3, and W4,
respectively. Magnitudes are reported with photometric quality flags. We treat data with flags U
(95% confidence upper limit) and C (2 < SNR < 3) as upper limits, and trust the stronger A (SNR
> 10) and B (3< SNR < 10) flags as detections. Extinction in the infrared is negligible and is not
corrected for in our work.

2.4.4

Herschel Observations

To better characterize absorbed and re-emitted starlight from dust, we obtained archival data
from the Herschel Space Observatory (Herschel) – a European Space Agency (ESA) built far
infrared/sub-millimeter telescope launched in 2009 (Pilbratt et al. 2010). Archival Photoconductor
Array Camera and Spectrometer (PACS) green band (100 µm), and red band (160 µm) photometry
were acquired through the Herschel Science Archive. A subset of CLASH galaxies were observed
by the Herschel Lensing Survey (Egami et al. 2010) with flux limit of 2.4 mJy (100 µm) and 4.7
mJy (160 µm). One SGAS target was observed by Rhoads et al. (2014); SDSSJ0915+3826 to limits
of 5.2 mJy (100 µm) and 9.9 mJy (160 µm). Another was observed by Saintonge et al. (2013);
SDSSJ1343+4155 to limits of 4.42 mJy (70 µm) 9.9 mJy (160 µm).
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To guarantee up-to-date calibrations for our faint sources, we re-reduced this sample’s Herschel
PACS photometry with Herschel Interactive Programming Environment (HIPE) from the raw level
1 maps to the science quality level 2.5 using the MadMap pipeline (Cantalupo et al. 2010). This step
is done in order to examine images with the latest Herschel PACS calibration files. Level 1 maps was
retrieved from the Herschel Science Archive (HSA) with PACS calibration version PACS CAL 69 0.
MadMap removes the most common noise source in Herschel PACS images, the 1/f noise. 1/f
noise is the randomized photon noise observed over time. Once the level 2.5 maps are produced
from HIPE’s reduction process, the task sourceExtractor was used to measure individual object
fluxes and errors while correcting for sky background. Afterward, we ran the sourceExtractor
task built into HIPE to detect objects with a S/N threshold of 3 using a gaussian with band-specific
FWHMs of 10.5”, 6.67”, and 5.4” for red (160 µm), green (100 µm), and blue (70 µm) channels,
respectively (PACS Handbook).

2.4.5

Very Large Array (VLA) Observations

In order to quantify the activity of the supermassive black hole in each BCG, Karl G. Jansky
VLA (Thompson et al. 1980) radio observations of observer-frame 1.4 GHz flux are taken from the
2014 version of the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) and the Faint Images
of the Radio Sky at Twenty-Centimeters (FIRST) Survey Catalog (Helfand et al. 2015). NVSS is
designed to observe 1.4 GHz emission at a low resolution of 45” across the entire sky north of δ =
–40◦ . FIRST is a large-scale (>10,000 deg2 ) survey that observed the radio sky at a resolution of
5” from 1993 to 2011 (Helfand et al. 2015).
For objects with observations in both the NVSS and FIRST archival catalogs, preference is
given to FIRST observations that have a better angular resolution as well as an rms of 0.15 mJy
versus NVSS’s rms of 0.45 mJy per beam. Nine BCGs observed by NVSS and FIRST do not have
fully reduced photometry available in the published catalogs. We used the Common Astronomy
Software Applications (McMullin et al. 2007) package to perform background subtraction and record
the target radio flux or the upper limit if there is no visible source in the image. Observations were
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k-corrected and extrapolated to target-frame 1.4 GHz using a spectral index of 0.75, common for
BCGs (Hlavacek-Larrondo et al. 2013; Giacintucci et al. 2014).

2.5

Analysis

BCG luminosity and stellar mass estimates were derived from the publicly available galaxy SED
fitting software MAGPHYS (da Cunha et al. 2008). MAGPHYS fits the SED of each galaxy using
two components; UV to optical and NIR to FIR. The fitting is done self-consistently, modeling
the FIR flux considering the star formation fitted to the UV and optical. Rather than the default
Bruzual (2007) models, we use the Bruzual & Charlot (2003) stellar population models found
to successfully model BCGs in the past (e.g. Lidman et al. 2012). The infrared models include
polycyclic aromatic hydrocarbon (PAH), cold (15–25 K), warm (30–60 K), and hot (130–250 K)
dust components. MAGPHYS fitted values used here include the total stellar mass. Flux reduction
due to cosmological expansion is accounted for by MAGPHYS before the fitting process using
redshifts reported by Postman et al. (2012) for CLASH targets and Alam et al. (2015) for SDSS
targets.
Five of the SGAS sample BCGs lacked SDSS photometric or spectroscopic redshifts at the
time of this work and could not be accurately modeled: SDSSJ0333-0651, SDSSJ1420+3955,
SDSSJ1522+2535, SDSSJ1621+0607, and SDSSJ2243-0935. Additionally, SDSSJ0915+3826 and
SDSSJ0928+2031 both had failed fits with infinite χ2 . This is believed to have occurred due to a
combination of lack of NIR data as well as having the majority of its SDSS fluxes as limits. These
two are removed from the following statistics and plots. An additional 13 targets had no SDSS
spectra or GALEX photometry within 10”, resulting in the final sample of 42 BCGs.
Total star formation rate estimates from MAGPHYS are not used due to the poor infrared
coverage of the SGAS sample. The fitting procedure systematically overestimates the far infrared
luminosity in the SGAS sample due to lack of constraints. This high estimated infrared luminosity
corresponds to total star formation rates much higher than that which is consistent with the lack
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of dust and substructure seen in HST photometry. However, the stellar mass estimates from
MAGPHYS use the well-characterized optical-NIR continuum and are used further in this study.
For this study’s results, we use the Kennicutt (1998) calibrations for optical emission line SFR
estimates. We use SDSS Hα fluxes where possible, followed by [O II] when Hα was redshifted out
of the SDSS coverage. GALEX NUV photometry was retrieved in the case where SDSS spectra are
not available and we approximate the SFR using the Kennicutt (1998) UV continuum calibration.
The SGAS subsample SFRs are predominantly approximated using Hα and [O II] emission
measured through the 3” diameter fibers of the SDSS multi-object spectrograph. CLASH targets
not observed by SDSS have SFRs approximated through GALEX NUV flux measured through
elliptical Kron apertures in which the radius is 2.5 times the first moment of the target’s radial
profile. The Kron radii used for targets in our sample range from 3” to 5” in radius, consistent
with the maximum radii of ∼5” in our sample. CLASH SFRs are likely to be more accurate than
those estimated from SDSS fibers, which may miss star-forming knots in a given galaxy. One
recent example is Tremblay et al. (2014)’s study of star formation filaments in a merging system
of two massive ellipticals within the redshift range of this work, z = 0.335. Slit spectroscopy using
the ALFOSC spectrograph on the Nordic Optical Telescope found 1.7 times the SDSS Hα flux
reported in SDSS Data Release 9. To correct for this effect would require a priori knowledge of the
distribution, shape, and intensity of star-forming knots in all galaxies in our sample, so we leave
the SDSS fluxes as reported by the pipeline. Thus, the SGAS SFRs estimated using SDSS spectra
will likely be lower limits to the true SFR.
Additionally, as a sanity check for our MAGPHYS stellar mass results, we compare with previous
estimates of the CLASH subsample from Burke et al. (2015) and we are within 30%. For example,
RXJ1532+30’s stellar mass is estimated by Burke et al. (2015) to be 2.20 ± 0.05 × 1011 M while
we estimate 2.88 ± 0.06 × 1011 M . Their methodology uses magnitudes from the Postman et al.
(2012) observations fit to a spectral energy distribution produced by Bruzual & Charlot (2003)
solar metallicity models. The combined CLASH-SGAS sample has a mean stellar mass of 7.52 ×
1011 M and standard deviation of 6.22 × 1011 M .
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CLASH Sample
SGAS Sample

Figure 2.1: BCG stellar mass versus redshift of both samples as fit by MAGPHYS. Red squares
are SGAS sample galaxies. Blue diamonds are CLASH sample galaxies. Error bars are 1σ.

2.6
2.6.1

Discussion
Dependencies With Mass

In Figure 2.1 we show the total stellar masses (estimated as described in § 2.5) as a function of
redshift. There is no trend of stellar mass with redshift over the range z = 0.2 - 0.7, with a large
scatter of more than half an order of magnitude. We confirmed that the masses of the CLASH
and SGAS samples are statistically similar using a Kolmogorov–Smirnov test implemented using
IDL’s kstwo procedure on both samples. The probability the subsamples are identical is 0.75, with
a maximum difference of 1.5% between subsample distribution functions as seen in Figure 2.2.
In Figure 2.3 we examine the importance of star formation activity to a galaxy’s evolution
by comparing the star formation rate with the total stellar mass. Previous results show that at
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CLASH Sample
SGAS Sample
Total Sample

Figure 2.2: Cumulative histogram of stellar masses calculated for CLASH (dotted blue line), SGAS
(dashed red line), and the combined sample (solid black line).
redshifts 0 < z < 2, star-forming galaxies in general show a correlation between stellar mass
and star formation rate, which has been called the Star Formation Main Sequence (SFMS; e.g.
Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007a; Santini et al.
2009; Lara-López et al. 2010; Zahid et al. 2013; Vaddi et al. 2016). No SFMS trend is seen in our
sample. This corroborates previous results by Lee et al. (2015) in which the SFMS is nearly flat (or
absent) above 1011 M . We note an offset between the estimated SFRs of the SGAS and CLASH
subsamples. Due to the consistent SFR estimation techniques used for both samples, this is likely
due to a selection effect between the strong-lensing SGAS clusters and the X-ray bright CLASH
sample. However, to properly address this effect would require additional X-ray observations of the
SGAS subsample to fairly compare the two.
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CLASH Sample
SGAS Sample

Figure 2.3: Star formation rate versus stellar mass of both samples as fit by MAGPHYS. Red
squares are SGAS sample galaxies. Blue diamonds are CLASH sample galaxies. Error bars are 1σ.
Downward-facing triangles are upper limits. Missing lower limit bars are an artifact of plotting
large errors on a log scale.

2.6.2

Radio Behavior

The observed radio powers and upper limits of the BCGs (Figure 2.4) are one to two orders
of magnitude above the radio powers expected if due solely to star formation estimated following
Condon (1992). This suggests that the radio emission is being powered by the AGNs in these
BCGs. This is consistent with previous evidence that BCGs are often radio loud. The fraction of
galaxies that are radio loud increases with galaxy mass (e.g., Auriemma et al. 1977; Dressel 1981;
Ledlow & Owen 1996; Best et al. 2005; Von Der Linden et al. 2007). In addition, the average
(and maximum) observed radio power increases with galaxy mass (e.g., Brown et al. 2011; Vaddi
et al. 2016). This suggests that the source of fuel for AGN activity increases with galaxy mass;
though radio power and mechanical power are not just a simple function of the accretion rate (e.g.,
McNamara & Nulsen 2007, 2012; Best & Heckman 2012). Nevertheless, this is consistent with the
concurrent fueling of both AGN and star formation activity. Cold gas has been suggested as the
fuel for AGN activity (e.g., Pizzolato & Soker 2005; Gaspari et al. 2013, 2015; Li & Bryan 2014).
There is evidence for infalling molecular gas in some BCGs, such as in A2597 (Tremblay et al.
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2016).
BCGs are more often found to be more radio loud than non-BCG galaxies of the same mass (Best
et al. 2007; Von Der Linden et al. 2007). This suggests that the BCGs have an additional source
of gas that is not present in non-BCG galaxies of the same mass. Alternately, BCGs could have
larger mass black holes than non-BCG galaxies of the same stellar mass (e.g., Hlavacek-Larrondo
et al. 2012). The additional source of gas in the BCGs is likely to be cooling from the hot ICM in
cool-core clusters (e.g., Fabian 1994; Best et al. 2007; Sun 2009). The additional source of gas in
the cool-core BCGs results in higher star formation than in the non-cool-core BCGs (see §2.6.3).
We find the range of BCG radio powers (L1.4GHz ≈ 1024−25 W Hz−1 ) lie in the FR II (Fanaroff &
Riley 1974; Bridle 1984) regime. These radio powers are sufficient to provide significant mechanical
mode feedback to the environment, quenching star formation in the BCG (McNamara & Nulsen
2007, 2012; Fabian 2012). A radio power of 1025 W Hz−1 corresponds to a νPν Luminosity of
1034 W. Assuming a 1% efficiency of conversion of jet power to radio power (Eilek & Shore 1989;
Cavagnolo et al. 2010; Daly et al. 2012) and 10% conversion of rest mass energy to jet power gives
a mass accretion rate of ∼ 10−4 M yr−1 , which is small compared to the SFR.

2.6.3

Dependencies with Redshift

We plot star formation rates versus redshift in Figure 4.5. The estimated star formation rates
show no trend with redshift over the range z = 0.2 – 0.6. The SFR rates vary mostly between about
0.1 and 10 M

yr−1 . Examples of CLASH BCGs with high star formation rates are discussed in

Fogarty et al. (2015).
We show the specific star formation rate (sSFR; star formation rate per unit stellar mass, e.g.,
Brinchmann et al. 2004) in Figure 2.6. There is no trend in sSFR with redshift over the range z
= 0.2 – 0.6. There is slight difference in the sSFRs of the SGAS and CLASH samples. For the
combined MAGPHYS modeled data set of 17 CLASH BCGs and 24 SGAS BCGs, IDL’s twosampt
task found that CLASH and SGAS have a probability of 49% of being the same distribution. This
difference is likely due to the much smaller apertures used for measuring the Hα flux used in the
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CLASH Sample
SGAS Sample
Condon (1992)

Figure 2.4: FIRST and NVSS 1.4 GHz rest-frame emission assuming α = 0.75. The representative
radio emission due to a star-formation-dominated scenario is plotted with the dashed line (Condon 1992). Upper limits are the downward-facing triangles and from CASA-derived backgroundcorrected photometry on target locations. Red squares are SGAS sample galaxies. Blue diamonds
are CLASH sample galaxies.Error bars are 1σ. Downward-facing and leftward-facing triangles are
upper limits for radio power and SFR, respectively. Open circles indicate that both quantities are
upper limits. Missing lower limit bars are an artifact of plotting large errors on a log scale.

CLASH Sample
SGAS Sample

Figure 2.5: Star formation rate versus redshift of both samples. Red squares are SGAS sample
galaxies. Blue diamonds are CLASH sample galaxies.Error bars are 1σ. Downward-facing triangles
are upper limits. Missing lower limit bars are an artifact of plotting large errors on a log scale.
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CLASH Sample
SGAS Sample

Figure 2.6: Specific star formation rate (sSFR) versus redshift of both samples. Red squares are
SGAS sample galaxies. Blue diamonds are CLASH sample galaxies.Error bars are 1σ. Downwardfacing triangles are upper limits. Missing lower limit bars are an artifact of plotting large errors on
a log scale.
SFR determinations of the SGAS sample.
The mean sSFR is 9.42 × 10−12 yr−1 in our study, which corresponds to a mass doubling time
of 105 billion years. Thus, the low SFR and sSFR suggest that galaxy growth via star formation in
BCGs is minimal by z ∼ 0.7 consistent with other studies of star formation in lower redshift BCGs
(e.g. Pipino et al. 2009; Donahue et al. 2010; Wang et al. 2010; Liu et al. 2012; Fraser-McKelvie et al.
2014) as shown in Figure 2.7. The outlier BCGs, which have higher than average star formation,
tend to be in cool-core clusters (e.g. Crawford et al. 1999; Edwards et al. 2007; O’Dea et al. 2008,
2010; Pipino et al. 2009; Donahue et al. 2010; Hicks et al. 2010; Wang et al. 2010; Pipino et al.
2011; Liu et al. 2012; Mittal et al. 2015; Tremblay et al. 2015; Donahue et al. 2015; Fogarty et al.
2015).
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CLASH Sample
SGAS Sample
Hoffer 2012 (IR fit)
Fraser−McKelvie 2014
Liu 2012

Figure 2.7: Specific star formation rate (sSFR) versus redshift, which includes published values for
lower redshift samples. Red squares are SGAS sample galaxies. Blue diamonds are CLASH sample
galaxies.Error bars are 1σ. Downward-facing triangles are upper limits. Missing lower limit bars
are an artifact of plotting large errors on a log scale.

2.6.4

Growth by Mergers?

Growth of the mass of BCGs by mechanisms that do not involve star formation (e.g., dry
mergers) is not ruled out by this study of star formation. However, the lack of a redshift dependence
on the BCG stellar mass (Figure 2.1) rules out a large gain in stellar mass over the redshift range
z = 0.3 – 0.6 but probably allows a factor-of-two change in stellar mass over the redshift range
0 < z < 1. The previous observational work is somewhat inconsistent. Figure 2.8 shows no clear
trends in stellar mass with redshift, but the different samples have identified BCGs with different
mass ranges. This plot includes BCGs clearly distinguishable from their neighbors, causing any
results to be most applicable to the most massive progenitors or present day BCGs, and not their
merger partners. Whiley et al. (2008) find no evidence for factor-of-two growth in BCG mass since
z ∼ 1. Collins et al. (2009) find no difference in mass between BCGs at z ∼ 1.3 and z ∼ 0. Stott
et al. (2011) show that BCGs have evolved little in size since z ∼ 1. Inagaki et al. (2015) find no
evidence for more than a few percent mass growth between z ∼ 0.4 and z ∼ 0.2. In contrast, other
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CLASH Sample
SGAS Sample
Hoffer 2012
Liu 2012
Fraser−McKelvie 2014
Lidman 2012
Chiu 2016
Stott 2010

Figure 2.8: BCG stellar mass vs. redshift from different published samples of BCGs. Red squares
are SGAS sample galaxies. Blue diamonds are CLASH sample galaxies. Error bars are 1σ.
Downward-facing triangles are upper limits. Missing lower limit bars are an artifact of plotting
large errors on a log scale.
work has found evidence for the expected increase in BCG stellar mass by about a factor of two
between z ∼ 1 and z ∼ 0 (e.g., Lidman et al. 2012; Burke & Collins 2013; Lin et al. 2013; Ascaso
et al. 2014; Shankar et al. 2015). Our specific sSFR results (Figure 2.7) corroborate McDonald et al.
(2016) results, which suggest BCGs are evolving slower than other galaxies in cluster environments.
This would point to an alternate fuel source to keep BCGs mildly active when their satellites have
been quenched. The differences between the conclusions of these studies may be due to how the
samples were defined and the effects of progenitor bias (e.g., van Dokkum & Franx 1996; Hopkins
et al. 2009; Saglia et al. 2010; Carollo et al. 2013; Shankar et al. 2015).
For the subset of star-forming BCGs of the CLASH subsample, the fuel for the star formation
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is attributed to gas condensing out of a cool core (Donahue et al. 2015; Fogarty et al. 2015) which
is consistent with the clusters having been X-ray selected. In the SGAS BCGs, X-ray evidence for
cool cores is not yet available. We tentatively attribute the source of the fuel for star formation to
a major merger in SDSSJ1336-0331 (Figure 2.9) and SDSSJ1531-3414 (Tremblay et al. 2014).

2.7

Conclusions

We present multi-wavelength estimates of star formation rates, and estimates of radio power
and stellar mass for BCGs in two samples of clusters chosen for the study of gravitational lensing
- CLASH and SGAS. The redshift range of the BCGs 0.2 < z < 0.7 spans a large fraction of the
range over which models of hierarchical galaxy formation suggest that star formation is no longer
a significant channel for galaxy growth. Instead, stellar growth (of the order of a factor of at least
two) during this period is expected to occur mainly via minor dry mergers (e.g., De Lucia & Blaizot
2007).
We find that SFRs and sSFRs are indeed low in BCGs 0.2 < z < 0.7 (excluding some BCGs in
cool-core clusters) consistent with results from samples of lower redshift BCGs (e.g., Pipino et al.
2009; Donahue et al. 2010; Wang et al. 2010; Liu et al. 2012; Fraser-McKelvie et al. 2014). The
mean sSFR is 9.42 × 10−12 yr−1 , which corresponds to a mass doubling time of 105 billion years.
This is in agreement with the results of the numerical and semi-analytical work (e.g., Bell et al.
2006; De Lucia & Blaizot 2007) that galaxy growth by star formation is not significant at z < 1 in
BCGs.
Based on their high radio power, the BCGs are AGN-powered radio sources, consistent with
expectations for BCGs (Best et al. 2007; Von Der Linden et al. 2007). This is consistent with the
AGN and star formation in these sources both being fueled by cold gas in the host galaxy.
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SDSS J1336-0331 (z=0.176)
HST/WFC3 imaging from Gladders et al. SGAS Sample

R: F160W, F125W(
G: F606W(
B: F390W(

V/H-band dust map
3’’ SDSS Fiber

15” / 45 kpc

Figure 2.9: Left: Hubble Space Telescope WFC3 three-color composite observation of cluster
SDSSJ1336-0331 (PI: Michael D. Gladders, ID: 13003) with an exposure time of 2400 s using
filters F390W (blue), F606W (green), and F160W + F125W (red). The green circle indicates the
area subtended by the 3” diameter SDSS spectroscopic fiber. Heavy dust obscuration covers the
eastern nucleus, and a radial lensed feature is visible near the southeast. The SDSS fiber misses
any star formation in much of the southeast. 3” subtends 12.4 kpc at the target redshift. Bottom
right: V/H-band color map revealing considerable substructure to the north and east along both
nuclei.
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Tables
Table 2.1: CLASH and SGAS BCG Samples
Target ID
Abell 209
Abell 383
Abell 611
Abell 1423
Abell 2261
CLJ1226.9+3332
MACS0329.7-0211
MACS0416.1-2403
MACS0429.6-0253
MACS0647.8+7015
MACS0710.5+3745
MACS0744.9+3927
MACS1115.9+0129
MACS1149.6+2223
MACS1206.2-0847
MACS1211.0-0210
MACS1423.8+2404
MACS1720.3+3536
MACS1931.8-2635
MACS2129.4-0741
MS2137-2353
RXJ1347.5-1145
RXJ1532.9+3021
RXJ2129.7+0005

αJ2000
(degrees)
01:31:52.6
02:48:03.4
08:00:56.8
11:57:17.3
17:22:27.2
12:26:58.4
03:29:41.7
04:16:09.4
04:29:36.1
06:47:50.0
07:17:31.7
07:44:52.8
11:15:52.1
11:49:35.9
12:06:12.3
13:11:01.7
14:23:47.8
17:20:17.0
19:31:49.7
21:29:26.1
21:40:15.2
13:47:30.6
15:32:53.8
21:29:39.9

δJ2000
(degrees)
-13:36:38.80
-03:31:44.7
+36:03:24.1
+33:36:37.4
+32:07:58.6
+33:32:47.4
-02:11:47.7
-24:04:03.9
-02:53:08.0
+70:14:49.7
+37:45:18.5
+39:27:24.4
+01:29:56.6
+22:23:55.0
-08:48:02.4
-03:10:39.5
+24:04:40.5
+35:36:23.6
-26:34:34.0
-07:41:28.8
-23:39:40.7
-11:45:10.1
+30:20:58.7
+00:05:18.8

Redshift
(z)
0.206
0.187
0.288
0.213
0.224
0.89
0.45
0.42
0.399
0.584
0.548
0.686
0.352
0.544
0.44
0.494
0.545
0.391
0.352
0.57
0.313
0.451
0.345
0.234

Stellar Mass
χ2
(M )
4.85e+11
0.599
4.45e+11
5.331
6.58e+11
146.998
4.83e+11
3.308
1.23e+12
12.845
1.21e+12
5.748
8.47e+11
0.235
3.14e+11
0.452
1.19e+12
0.004
1.47e+12
0.054
2.19e+11
0.015
7.74e+11
1.175
3e+11
2.1
4.72e+11
1.907
3.13e+11
1.129
3.69e+11
1.068
5.65e+11
1.145
6.59e+11
11.689
6.92e+11
12.782
9.37e+11
8.04
3.65e+11
0.242
4.52e+11
0.026
3.34e+11
12.048
5.81e+11
3.317
Continued on

Sample
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
next page
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Table 2.1 – Continued from previous page
Target ID
RXJ2248.7-4431
SDSSJ0004-0103
SDSSJ0108+0624
SDSSJ0146-0929
SDSSJ0150+2725
SDSSJ0851+3331
SDSSJ0915+3826
SDSSJ0928+2031
SDSSJ0952+3434
SDSSJ0957+0509
SDSSJ1002+2031
SDSSJ1038+4849
SDSSJ1050+0017
SDSSJ1055+5547
SDSSJ1110+6459
SDSSJ1115+1645
SDSSJ1138+2754
SDSSJ1152+0930
SDSSJ1152+3313
SDSSJ1156+1911
SDSSJ1207+5254
SDSSJ1209+2640
SDSSJ1329+2243
SDSSJ1336-0331
SDSSJ1343+4155
SDSSJ1439+1208
SDSSJ1456+5702
SDSSJ1527+0652
SDSSJ1531+3414
SDSSJ1604+2244
SDSSJ1632+3500
SDSSJ1723+3411
SDSSJ2111-0114

αJ2000
22:48:44.3
00:04:51.9
01:08:42.0
01:46:56.0
01:50:00.9
08:51:39.0
09:15:39.0
09:28:05.6
09:52:40.0
09:57:39.2
10:02:26.9
10:38:43.2
10:50:39.9
10:55:04.6
11:10:17.6
11:15:04.4
11:38:09.0
11:52:47.3
11:52:00.3
11:56:05.5
12:07:36.4
12:09:23.7
13:29:34.5
13:36:00.0
13:43:32.8
14:39:09.9
14:56:00.8
15:27:45.4
15:31:10.6
16:04:10.2
16:32:10.3
17:23:36.2
21:11:19.4

δJ2000
-44:31:48.4
-01:03:15.80
+06:24:43.50
-09:29:52.40
+27:25:36.20
+33:31:10.83
+38:26:58.77
+20:31:25.55
+34:34:47.09
+05:09:31.80
+20:31:02.61
+48:49:18.73
+00:17:06.91
+55:48:23.23
+64:59:47.02
+16:45:38.40
+27:54:30.90
+09:30:14.54
+33:13:41.72
+19:11:12.68
+52:54:58.20
+26:40:46.50
+22:43:00.24
-03:31:28.63
+41:55:04.48
+12:08:24.75
+57:02:20.60
+06:52:31.79
+34:14:24.91
+22:44:16.69
+35:00:30.16
+34:11:59.37
-01:14:23.57

Redshift
0.348
0.479
0.549
0.447
0.3
0.371
0.396
0.192
0.359
0.447
0.321
0.432
0.3
0.462
0.659
0.191
0.454
0.521
0.357
0.546
0.273
0.559
0.42
0.176
0.418
0.427
0.483
0.394
0.335
0.281
0.475
0.442
0.639

Stellar Mass
8.09e+11
5.31e+11
1.67e+11
9.74e+11
1.22e+12
6.5e+11
...
...
4.08e+11
5.22e+11
4.91e+11
2.61e+12
7.87e+11
7.59e+11
3.9e+11
2.81e+11
1.91e+11
8.23e+11
8.17e+11
6.14e+11
7.89e+11
8.02e+11
2.57e+12
6.94e+11
6.46e+11
3.24e+11
8.31e+11
4.84e+11
3.05e+11
3.46e+11
9.04e+11
5.39e+11
3.72e+12

χ2
0.065
0.941
4.877
1.036
171.751
2.036
999.0
999.0
3.055
0.283
0.358
8.098
3.303
2.304
1.592
2.971
0.221
0.537
2.322
0.314
9.278
2.811
89.54
53.666
41.59
0.735
0.672
0.6
0.477
1.368
0.511
0.487
12.035

Sample
CLASH
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS
SGAS

1

Columns: Target, R.A.(J2000), Decl.(J2000), SDSS redshift, MAGPHYS estimated stellar mass (M ), fit χ2 ,
and original subsample. ∗ denotes that RXJ2248.7-4431 is alternately named Abell 1063S.
2
References: da Cunha et al. (2008), Postman et al. (2012)
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Target ID
Abell 209
Abell 383
Abell 611
Abell 1423
Abell 2261
CLJ1226.9+3332
MACS0329.7-0211
MACS0416.1-2403
MACS0429.6-0253
MACS0647.8+7015
MACS0710.5+3745
MACS0744.9+3927
MACS1115.9+0129
MACS1149.6+2223
MACS1206.2-0847
MACS1211.0-0210
MACS1423.8+2404
MACS1720.3+3536
MACS1931.8-2635
MACS2129.4-0741
MS2137-2353
RXJ1347.5-1145
RXJ1532.9+3021
RXJ2129.7+0005
RXJ2248.7-4431
SDSSJ0004-0103
SDSSJ0108+0624
SDSSJ0146-0929
SDSSJ0150+2725
SDSSJ0851+3331
SDSSJ0915+3826
SDSSJ0928+2031
SDSSJ0952+3434
SDSSJ0957+0509
SDSSJ1002+2031
SDSSJ1038+4849

NUV SFR
(M yr−1 )
1.85
5.74
...
...
...
1.85
13.20
3.11
...
...
...
...
5.38
4.74
...
...
7.6
...
49.51
4.74
2.21
7.55
...
1.71
...
1.33
...
...
2.54
0.19
1.91
0.17
1.72
...
...
7.6

NUV SFR Err
(M yr−1 )
0.13
1.08
...
...
...
0.402
0.92
0.80
...
...
...
...
0.59
2.04
...
...
1.47
...
4.72
2.32
0.09
0.44
...
0.64
...
0.37
...
...
1.04
0.42
0.55
0.06
0.67
...
...
2.04

NUV
Qual
D
D
N
N
N
L
D
L
N
N
N
N
D
L
N
N
D
N
D
L
L
D
N
D
N
L
N
N
L
L
L
L
L
N
N
L

Hα SFR
(M yr−1 )
...
...
...
...
0.09
...
...
...
...
...
...
0.41
2.83
...
...
...
...
...
...
...
...
...
31.88
1.71
...
...
...
0.09
...
...
0.28
0.16
0.55
...
0.03
...

Hα SFR Err
(M yr−1 )
...
...
...
...
0.07
...
...
...
...
...
...
0.12
0.19
...
...
...
...
...
...
...
...
...
0.38
0.05
...
...
...
0.03
...
...
0.127
0.08
0.039
...
0.04
...

44

[O II] SFR [O II] SFR Err
(M yr−1 )
(M yr−1 )
...
...
...
...
0.06
0.10
...
...
0.01
0.04
...
...
...
...
...
...
...
...
...
...
...
...
...
...
3.91
0.37
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
43.53
1.36
2.81
0.19
...
...
...
...
...
...
...
...
...
...
...
...
0.03
1.02
...
...
...
...
...
...
...
...
0.14
0.25
Continued on next page
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Table 2.2: CLASH and SGAS BCG Star Formation Rate Estimators

1

NUV SFR
0.7
...
...
0.25
8.22
...
...
3.44
0.28
...
0.99
3.76
...
...
...
2.23
...
...
0.76
...
...

NUV SFR Err
0.28
...
...
0.18
2.76
...
...
1.37
0.13
...
0.31
1.473
...
...
...
1.085
...
...
0.43
...
...

NUV
L
N
N
L
L
N
N
L
L
N
L
D
N
N
N
L
N
N
L
N
N

Hα SFR
...
...
...
0.04
...
...
0.10
...
0.20
...
...
...
...
...
...
...
1.60
...
...
...
...

Hα SFR Err
...
...
...
0.01
...
...
0.10
...
0.10
...
...
...
...
...
...
...
0.44
...
...
...
...

[O II] SFR
...
1.51
...
0.04
...
0.13
0.14
...
0.07
0.11
...
1.83
...
0.30
0.13
...
1.94
0.07
...
...
...

[O II] SFR Err
...
1.92
...
0.17
...
0.42
0.19
...
0.07
1.50
...
0.53
...
1.35
0.29
...
1.01
0.11
...
...
...

45

Columns: Target ID, NUV star formation rate and error; NUV data quality (N - no data, L - 95% Confidence Upper Limit, D-detection); Hα
SFR and error; and [O II] SFR and error. Milky Way extinction is corrected for using the Schlafly & Finkbeiner (2011) extinction map, assuming
a galactic reddening of Rv = 3. . All star formation rates are in units of M yr and errors represent 1σ values.
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Table 2.2 – Continued from previous page
Target ID
SDSSJ1050+0017
SDSSJ1055+5547
SDSSJ1110+6459
SDSSJ1115+1645
SDSSJ1138+2754
SDSSJ1152+0930
SDSSJ1152+3313
SDSSJ1156+1911
SDSSJ1207+5254
SDSSJ1209+2640
SDSSJ1329+2243
SDSSJ1336-0331
SDSSJ1343+4155
SDSSJ1439+1208
SDSSJ1456+5702
SDSSJ1527+0652
SDSSJ1531+3414
SDSSJ1604+2244
SDSSJ1632+3500
SDSSJ1723+3411
SDSSJ2111-0114

CHAPTER

3

STELLAR MASS AND 3.4 µm M/L RATIO EVOLUTION OF
BRIGHTEST CLUSTER GALAXIES IN COSMOS SINCE z ∼ 1

3.1

Abstract

We investigate the evolution of star formation rates (SFRs), stellar masses, and M/L3.4µm
ratios of brightest cluster galaxies (BCGs) in the COSMOS survey since z ∼ 1 to determine
the contribution of star formation to the growth-rate of BCG stellar mass over time. Through
the spectral energy distribution (SED) fitting of the GALEX, CFHT, Subaru, Vista, Spitzer, and
Herschel photometric data available in the COSMOS2015 catalog, we estimate the stellar mass and
SFR of each BCG. We use a modified version of the iSEDfit package to fit the SEDs of our sample
with both stellar and dust emission models, as well as constrain the impact of star formation history
assumptions on our results. We find that in our sample of COSMOS BCGs, star formation evolves
similarly to that in BCGs in samples of more massive galaxy clusters. However, compared to the
latter, the magnitude of star formation in our sample is lower by ∼ 1 dex. Additionally, we find an
evolution of BCG baryonic mass-to-light ratio (M/L3.4µm ) with redshift which is consistent with a
passively aging stellar population. We use this to build upon Wen et al.’s low-redshift νL3.4µm –
MStellar relation, quantifying a correlation between νL3.4µm and MStellar to z ∼ 1. By comparing
our results to BCGs in Sunyaev–Zel’dovich and X-ray-selected samples of galaxy clusters, we find
evidence that the normalization of star formation evolution in a cluster sample is driven by the
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mass range of the sample and may be biased upwards by cool cores.

3.2

Introduction

Dominating the luminosity and stellar mass in the central region of galaxy clusters, and influencing their evolution, are brightest cluster galaxies (BCGs). These massive ellipticals occupy a
narrower distribution of position-velocity space in relation to other cluster members (Lauer et al.
2014), indicating a relaxed state within the parent cluster. However, they do not represent the
same population (Von Der Linden et al. 2007) as other ellipticals in the cluster or the field. One
unique characteristic of BCGs is their extended light profiles (e.g. Oemler 1976; Graham et al.
1996), indicating a rich merger history (e.g Bernardi et al. 2007; Liu et al. 2008). Additionally,
BCGs exhibit larger sizes and luminosities than predicted from cluster luminosity functions (e.g.
Loh & Strauss 2006; Shen et al. 2014).
Recent observations of star-forming BCGs has led to a revision of their formation scenario over
the past decade. The original model derived from theoretical predictions (e.g. Merritt 1984) and
observations (e.g. Stott et al. 2010, 2011) postulates a BCG formation mechanism in which the
original gas and stellar content of a BCG formed in the initial matter density peaks (Treu et al.
2005). The rest of its constituent stars form via in situ processes rapidly before z = 1.5, which
evolve passively to the present day. This is contrasted by semi-analytical models in which BCGs
grow in stellar mass by a factor of three from z = 1 to the present day (De Lucia & Blaizot
2007). The newest models exhibit a factor of two growth over the same redshift range (e.g. Shankar
et al. 2015), in which BCG stellar mass is accumulated through many minor mergers (e.g. Naab
et al. 2009; Edwards & Patton 2012), which has led to greater agreement between observations
and models (Lidman et al. 2012; Lin et al. 2013). Whether this merger-driven era dominates mass
growth is still under investigation, as minor mergers are not 100% efficient in the delivery of their
gas supply or stars (Liu et al. 2009; Burke & Collins 2013; Liu et al. 2015).
One important problem is to constrain the role of star formation in BCG growth, since this
process may contribute significant stellar mass to BCGs in the case of wet mergers, or in the case of
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cool-core clusters, if condensed intracluster medium (ICM) gas fuels a significant buildup of stellar
mass (O’Dea et al. 2008). While the mass growth of BCGs at z < 1 is believed to be substantial
(with estimates placing stellar mass growth in BCGs doubling or tripling), there is considerable
disagreement over how much of that mass growth is ongoing at z . 0.5 (e.g. McIntosh et al. 2008;
Tonini et al. 2012; Bai et al. 2014; Oliva-Altamirano et al. 2014; Inagaki et al. 2015; Bellstedt et al.
2016), and whether new formed stars are contributing substantially to that growth (Gozaliasl et al.
2016). Selection effects due to different selection criteria (e.g. whether the sample is optically or
X-ray limited) may play a role in driving this disparity of results(Burke et al. 2000), as well as
different observed wavelengths, or assumptions such as selection of initial mass function (IMF) or
evolution models to constrain stellar population.
In this paper, we seek to constrain the contribution of BCG stellar mass growth made by in
situ star formation in a sample of X-ray-selected, low-mass (M500 = ∼ 1013 − 1014 Msolar ) galaxy
clusters in the COSMOS field. We compare our findings with BCGs in higher-mass cluster samples
obtained using both X-ray and Sunyaev–Zel’dovich (SZ) effect selection criteria to better understand
the impact of cluster environment and sample selection on the estimation of the evolution of BCG
star formation. By modeling BCG spectral energy distributions (SEDs) using far-UV (FUV) to
far-IR (FIR) observations, we can better constrain the old and young stellar populations in a selfconsistent manner that considers stellar populations obscured by IR-emitting dust. We also can
consider several stellar population models, and constrain the impact of these models on our results.
By estimating specific star formation rates (sSFRs) in BCGs over a wide redshift range, we better
constrain when star formation took place and whether or not star formation in different cluster
samples evolves similarly.
In § 3.3 we discuss target selection criteria and sample completeness. We review the archival
data used in the SED fitting procedure in § 3.4 and discuss the data reduction and SED fitting
software in § 3.5. We discuss the results in § 3.7. Finally, we summarize our results and future
prospects in § 3.8. We use the ΛCDM standard cosmological parameters of H0 = 70 Mpc−1 km
s−1 , ΩM = 0.3, and Ωvac = 0.7.
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3.3

Sample Selection

In order to build our sample from uniform observations and selection method, we select clusters
in the COSMOS X-ray group and cluster catalog (Finoguenov et al. 2007; George et al. 2011)
between 0 < z < 1, with greater than 30 spectroscopically confirmed or high probability (PM EM
> 0.5) cluster members. We choose a cutoff of 30 members to select well-detected clusters as have
been previously studied in COSMOS (Delaye et al. 2014) that more populated and massive than the
known protoclusters in COSMOS which have 5-10 members (e.g. Diener et al. 2015). These redshift
and angular size limits correspond to a contiguous comoving volume of 7 × 106 Mpc3 . To identify
the BCG within each cluster, we estimate the stellar mass of all group members with PM EM >
0.5 using the SED fitting procedure described in Section 3.5 and select the group member with the
highest estimated stellar mass. The mass difference between the selected BCG and second most
massive group galaxy is shown in Figure 3.1. Throughout the paper, we also plot a comparison
sample of massive group members with estimated stellar masses greater than 75% of the stellar
mass of the BCG identified for that group.
This yields an initial sample of 44 BCGs with no selection for star formation rate (SFR) activity.
Their parent clusters span the range of log(m200c /M ) ∼12.9-14.3, as determined by the cluster
X-ray luminosity (Finoguenov et al. 2007), and calibrated via gravitational lensing measurement
of the COSMOS field (Leauthaud et al. 2010; George et al. 2011). We note that COSMOS is
biased toward a denser region of sky than a random patch (Finoguenov et al. 2007), with two large
overdensities: at z ∼ 0.3 (Masters et al. 2011) and the ‘COSMOS Wall’ at z ∼ 0.73 (Scoville et al.
2013; Iovino et al. 2016). We address the potential impact of these overdensities in Section 3.6 by
running our analysis with objects in range of these overdensities in redshift space excluded.
COSMOS groups and clusters were originally detected by identifying extended sources on the
scale of 32”; and 64” using the wavelet analysis of Vikhlinin et al. (1998), in the Chandra and 1.4
Ms XM M − N ewton observations of the COSMOS field. Once identified, George et al. (2011) ran
a red-sequence finding algorithm to identify an optical counterpart within a projected distance of
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Figure 3.1: BCG stellar masses compared to second most massive member stellar masses for each
galaxy group. Many targets are within errors with their next most massive neighbor, and the
difference between them becomes indistinguishable by 1011 M .
500 kpc of the X-ray center. A galaxy is included as a member galaxy using a Bayesian analysis
of galaxy properties such as location with respect to cluster or group center, redshift error, and
relative number of field and cluster or group galaxies (see Section 4 of George et al. 2011).
Our BCG sample requires no completion correction as the COSMOS X-ray group member
catalog is complete down to Ks = 24 mag and F184W = 24.2 mag (corresponding to an approximate
stellar mass of M∗ > 1010.3 M

at z = 1; George et al. 2011). However, group mass is limited to

M200 > 1013 out to z ∼ 1, which may bias our group selection to higher masses at high redshift
(George et al. 2011). Stellar mass estimates used in the COSMOS X-ray group catalog are estimated
via SED fitting of galaxies with 3σ detections in the Ks band, using Bruzual & Charlot (2003) stellar
population models with a Chabrier (2003) IMF. Two targets, COSMOS CLJ100028.3+024103 and
COSMOS CL J095824.0+024916, had updated photometric redshifts above z = 1 in the more recent
COSMOS2015 catalog (Laigle et al. 2016).
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3.4

COSMOS Data

To accurately derive stellar masses and SFRs for each BCG, we use FUV–FIR observations of
the COSMOS field (Scoville et al. 2007). COSMOS is a multi-wavelength survey that observed a 2
sq. deg. field centered at R.A.(J2000) = 10:00:28.600, decl.(J2000) = +02:12:21.00 from the X-ray
to the radio, with publicly available multi-wavelength data available in the COSMOS2015 catalog
(Laigle et al. 2016). A short review of each observation set is below; for further details of the data
reduction in COSMOS2015, see Laigle et al. (2016). The following photometry has been corrected
for photometric and systematic offsets as detailed in Eq. 9 in Laigle et al. (2016). For observations
from GALEX FUV-Spitzer IRAC4, we also correct for Milky Way foreground extinction using a
Galactic reddening of Rv = 3.1 (Morrissey et al. 2007) and E(B−V ) values from the Schlegel et al.
(1998) dust maps.
For our SED fitting, we use errors which include the observational error reported in the COSMOS2015 catalog as well as the absolute calibration uncertainty unique to each telescope. For
GALEX NUV and FLUX flux errors, we include a ± 10% uncertainty1 . Subaru photometric calibration is accurate to within 0.02 mag (Taniguchi et al. 2015), therefore we include a systematic
error of 2%. For the Canada–France–Hawaii Telescope (CFHT) u*, we err on the side of caution
and use the 5% error from worst-quality data of the original CF HT observations of the COSMOS
field (Capak et al. 2007). According to the V ista/VIRCAM User Manual,2 V ista photometry is
accurate to within 3-5% and so we include a 5% error in addition to the observational error for data
from V ista/VIRCAM filters. Spitzer absolute flux calibration is considered accurate to within 3%
(Van Dyk et al. 2013), so we add an additional 3% to our final Spitzer IRAC errors. Most Herschel
data used here are upper limits defined by the sensitivity of the original Herschel surveys of the
COSMOS fields, the PACS Evolutionary Probe (PEP; Lutz et al. 2011) and the Herschel Multitiered Extragalactic Survey (HerMES; Oliver et al. 2012). For the handful of Herschel detections
in our sample, we adopt the 10% systematic uncertainty term used in Fogarty et al. (2017).
1
2

https://asd.gsfc.nasa.gov/archive/galex/FAQ/counts_background.html
Doc. No. VIS-MAN-ESO-06000-0002
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3.4.1

GALEX

To constrain the degree of unobscured star formation, we use GALEX (Martin et al. 2005)
FUV and NUV band point-spread function (PSF)-fit photometric magnitudes presented in the
COSMOS2015 catalog (for details see Zamojski et al. 2007). GALEX observes a 1.◦ 2 circular
field of view through a 50 cm diameter Richey–Chretien telescope. To measure FUV and NUV
magnitudes, Zamojski et al. (2007) use a PSF-fitting routine using u∗ band observations as a prior
to minimize blending effects due to GALEX’s FWHM of 5”.

3.4.2

Canada–France–Hawaii Telescope (CFHT)

We use COSMOS2015 CFHT/MegaPrime (Aune et al. 2003; Boulade et al. 2003) u∗ magnitudes
to constrain the blue and NUV rest-frame emission. The COSMOS field was observed in queue
mode with a consistent PSF across all observations, to a depth of mu∗ ∼ 26.4 and seeing of 0.9”.
For further details, see Capak et al. (2007).
Additionally, we use Ks magnitudes from CFHT/WIRCam (Puget et al. 2004) taken during the
COSMOS-WIRCam Near-Infrared Imaging Survey (McCracken et al. 2010), down to a 3σ detection
limit of mKs =23.4 and FWHM of 1.00 1 or less.

3.4.3

Subaru

To constrain the optical continuum of each BCG, we retrieve Subaru/Suprime-Cam optical
magnitudes from the COSMOS2015 catalog in five broad filters (B, V, R, i+, z + +) and 11 medium
filters (IA427, IA464, IA484, IA505, IA527, IA574, IA624, IA679, IA738, IA767, and IA827). The
Subaru observations with the worst resolution are from the IA464 filter with a PSF FWHM of
1.00 89, which is still sufficient enough to resolve the BCGs in our sample. All observations reach a
3σ depth of mAB ∼ 25.2 or deeper. For further details, see Taniguchi et al. (2007, 2015).

3.4.4

Vista

NIR observations are an important constraint for the old stellar population which dominates the
emission and stellar mass of BCGs. We retrieve Y, J, and H-band V ista (Dalton et al. 2006; Emer52

Chapter 3. COSMOS BCG M/L Ratio Evolution
son et al. 2006) observations taken with VIRCAM (Sutherland et al. 2015) during the UltraVISTADR2 survey (McCracken et al. 2012). For UltraVISTA, the COSMOS field was observed with Y, J,
and H filters down to limiting magnitude mAB of 25.3, 24.9, and 24.6 respectively with a median
FWHM of 0.00 6.

3.4.5

Spitzer

Additional observations of the old stellar population are available through NIR to MIR observations taken by the Spitzer Space Telescope (Werner et al. 2004). We include archival data from
Spitzer ’s Infrared Array Camera (IRAC) 3.6, 4.5, 5.7, and 7.9 µm channels (For more information,
see Fazio et al. 2004). IRAC observes 5.0 2 x 5.0 2 degree fields with PSF widths 1.00 6, 1.00 6, 1.00 8, and
1.00 9 for bands IRAC1 to IRAC4 respectively. IRAC magnitudes in COSMOS2015 are measured
from observations taken as part of the SPLASH (Steinhardt et al. 2014) and S-COSMOS surveys
(Sanders et al. 2007) to a 3σ depth of mAB of 25.5, 25.5, 23.0, and 22.9 for IRAC1-4 respectively.
We also include Multiband Imaging Photometer (MIPS, Rieke et al. 2004) 24µm fluxes originally
presented in Le Floc’h et al. (2009) to a 3σ depth of 80 µJy. To account for blending, photometry
from J, H, and K observations were used as a prior during the source extraction of the 3.6 µm
image (Laigle et al. 2016). Each successive IRAC filter used the adjacent shorter wavelength image
as a prior out to 24 µm .

3.4.6

Herschel

The FIR is an important regime for observing the re-radiated energy from dust surrounding
obscured star forming regions. We use the Herschel Space Observatory (Pilbratt et al. 2010)
Photoconductor Array Camera and Spectrometer (PACS) (Poglitsch et al. 2010) in the green
(100 µm ) and red (160 µm ) bands as well as the Spectral and Photometric Imaging Receiver
(SPIRE) 250 µm and 350 µm bands. While the large beam size at 250 and 350 µm (18.00 1, 24.00 9
respectively) guarantees blending, all but three targets at 350µm and all but six at 250µm are
non-detections and the fluxes that are detected have low signal-to-noise ratio (S/N) and therefore
modest constraining power on the SED fits. PACS observations were taken as part of PEP (Lutz
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et al. 2011) to a 3σ depth of 5 and 10.2 mJy for 100 and 160 µm bands respectively. SPIRE
observations originate from HerMES (Oliver et al. 2012) and reach a 3σ depth of 8.1 and 10.7 mJy
at 250 and 350µm respectively. The MIPS 24 µm image of the COSMOS field was used as a prior
during source extraction from the FIR images (Laigle et al. 2016).

3.5
3.5.1

Methods
SED Construction

SEDs were composed of photometry taken from GALEX, Subaru, Vista, Spitzer, and Herschel
in the COSMOS2015 public catalog, so as to maximize coverage of UV-through-IR flux. Of these,
34 had GALEX NUV and/or FUV detections, 43 had full Spitzer /IRAC detections with the 44th
(COSMOS CLJ100013.0+023519) detected in only IRAC1-3, 18 were detected in MIPS 24 µm ,
and 9 with Herschel PACS or SPIRE detections. Therefore, every BCG in the final catalog has
rest-frame U -band through MIR detections, with limiting magnitudes out to 350 µm .
We note that our study differentiates itself from that of Gozaliasl et al. (2016, 2018), who study
a sample of 407 X-ray-selected groups, including those detected in the COSMOS field in George
et al. (2011) and Finoguenov et al. (2007), in terms of how we estimate stellar properties of cluster
galaxies and in terms of our treatment of galaxies comparably massive to the BCG. These studies
cite results from either Ilbert et al. (2013) or Laigle et al. (2016), which do not incorporate FIR
photometry into estimates of the SFR. Our fits take into account both the observed UV flux of the
young stellar population and the flux absorbed by dust and re-emitted in the FIR, and therefore
measure the total SFR of each system. Furthermore, by selecting only those COSMOS clusters with
at least 30 members, and by taking into account comparably massive galaxies in clusters which lack
a clearly dominant galaxy, we limit ourselves to rich systems that are comparable to higher-mass
cluster analogs and account for the effects of potentially ambiguous BCG selection.
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3.5.2

SED Fitting

SEDs were fit using a modified version of iSEDfit (Moustakas et al. 2013; Moustakas 2017).
iSEDfit is a Bayesian SED fitting tool that uses a grid of synthetic SEDs generated using a set of
input priors to estimate the posterior probability distribution of parameters of the stellar population
emitting an observed SED. We used the modified version of this tool described in Fogarty et al.
(2017) in order to take into account both the stellar and dust emission observed in the NUVthrough-IR SEDs of our sample.
A detailed description of iSEDfit is available in Appendix A of Moustakas et al. (2013). iSEDfit
takes a synthetic stellar population, IMF, and dust attenuation law, and creates a grid of synthetic
SEDs that randomly sample the parameter space of metallicity, AV , emission line ratios, and the
parameters governing the star formation history (SFH) using user-defined prior distributions. For
each BCG, we assume a Salpeter (1955) IMF. In order to determine the extent to which our
results depend on the parameterization of the SFH, we tested two SFH parameterizations, a onecomponent model and a two-component model. The former consists of an exponentially decaying
SFH with a decay constant between 0.6 and 60 Gyr sampled logarithmically. The latter consists of
an exponentially decaying SFH with a decay constant between 0.3 and 1.5 Gyr, and for half of the
models in our grid we incorporated an exponentially decaying starburst at the observed redshift.
For either model, the age of the BCG was allowed to vary between 6 and 9 Gyr if the BCG was
at z ≤ 0.45, or between 4 and 6 Gyr if the BCG was at z > 0.45. These age priors were chosen to
ensure that model stellar populations do not exceed the age of the universe at the redshift of the
galaxy, while still ensuring an old stellar component. This enables us to fit SEDs of both quiescent
(nominally ‘red and dead’) and star-forming BCGs. Our choices of stellar population model and
parameter space are given in Table 3.1.
The relative likelihood that each model SED is the observed SED is determined by calculating
2

e−χ , where χ2 is the reduced chi square value for the model compared to the data. By randomly
sampling the model grid, weighted by the relative likelihood, iSEDfit recovers the posterior probability distribution of the model SEDs, and therefore the probability distribution of the physical
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Table 3.1.
Stellar Population Model
Synthetic Stellar Population
Initial Mass Function
Attenuation Law
Dust Emission
Model Parameter Space Constraints
Parameter Name
One-component SFH
Age, t
Decay Timescale, τ
Two-component SFH
Age, t
Decay Timescale, τ
Burst Age, tb
Burst Decay Percentage
Burst Mass Percentage
Metallicity
Dust Parameters
Attenuation AV
PAH Abundance Index qP AH
γd
d
Umin
d
Umax

SED Fitting Parameters

Bruzual & Charlot
Salpeter
Calzetti et al.
Draine & Li

(2003)
(1955)
(2000)
(2007)

Minimum Value

Maximum Value

Sampling Interval

4 Gyr (6 Gyr)a
0.6 Gyr

6 Gyr (9 Gyr)
60.0 Gyr

Linear
Logarithmic

4 Gyr (6 Gyr)
0.3 Gyr
10−2 Gyr
0.01
0.0015
0.03 Z

6 Gyr (9 Gyr)
1.5 Gyr
5.0 Gyr
0.99
0.85
1.5Z

Linear
Linear
Logarithmicb
Linear
Logarithmic
Linear

0
0.10
0.0
0.10
103

2
4.58
1.0
25.0
107

Linear
Linearc
Linear
Logarithmic
Logarithmic

Note. — a Minimum and maximum values for ages inside parentheses apply to BCGs at z ≤ 0.45, while those
outside the parentheses apply to BCGs at z > 0.45. b Burst parameters were sampled logarithmically, since their
qualitative effect on the model SED of the galaxy occurs on order-of-magnitude scales. The exception to this is the
burst decay percentage, which is one minus the amplitude of current star formation activity relative to the amplitude
of the burst tb years ago.
c
Draine & Li (2007) model parameter sampling intervals were chosen based on the model parameter distributions
of the template spectra.
d
The Draine & Li (2007) treats dust in a galaxy as consisting of two components. The first component consists of
a fraction γ of the dust is exposed to a power-law distribution of starlight intensity, ranging from Umin to Umaxs ,
while the second component consists of the remainder of the dust, and is only exposed to a starlight intensity Umin .
The quantities Umin and Umax are unitless measures of intensity relative to the ambient local radiation field.

56

Chapter 3. COSMOS BCG M/L Ratio Evolution
stellar parameter input (Moustakas et al. 2013).
Dust emission is incorporated into the synthetic SED grid, allowing us to take full advantage of
the MIR and FIR data available from Spitzer, and Herschel. SED fits incorporating observations of
the IR dust emission are preferable to those that do not since they reduce the degeneracy between
AV and the SFR in fits to dusty star-forming systems. Following the prescription in Fogarty et al.
(2017), we used the dust emission templates in Draine & Li (2007). The choice of dust model
parameter space is given in Table 3.1. The dust emission component of each synthetic SED was
normalized such that the total energy re-emitted by the dust equals the total energy absorbed via
attenuation of the synthetic stellar spectrum.
Our choice of dust extinction is the Calzetti et al. (2000) attenuation law for dusty starburst
galaxies. As the galaxies we study are typically dust poor, the choice of dust model has a limited
impact on the SED fit. Furthermore, as was shown in Fogarty et al. (2017), even vigorously
star-forming BCGs have relatively modest AV values, and the choice of attenuation law does not
significantly affect the outcome of UV–FIR SED fitting.
Model grids consisting of 4 × 104 models were constructed for both the one-component and twocomponent SFH parameterizations. These model grids were shifted to the observer frame for each
galaxy studied in order to produce synthetic photometry for each fit. Parameters were sampled
either linearly or logarithmically in the intervals listed in Table 3.1.

3.6
3.6.1

Results
BCG Stellar Population Evolution

We present the BCG SFR and sSFR as a function of redshift in Figure 3.2 . Unless otherwise
specified, we report results obtained with the single-component SFH parameterization throughout.
SFRs and sSFRs for the individual BCGs are presented in the Appendix, along with best-fit SEDs.
We demonstrate SFR is weakly dependent on redshift, within our errors, as is the sSFR. We
compare our results to those obtained in McDonald et al. (2016), who estimated mean SFRs
and sSFRs in redshift bins for BCGs in an SZ-selected sample of clusters with masses between
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Table 3.2.
Parameter
log10 SFR (One-comp SFH) [M yr−1 ]
log10 SFR (One-comp SFH, All Large Gals.) a
log10 SFR (One-comp SFH, Structure Excised) b
log10 SFR (Two-comp SFH)
log10 sSFR (One-comp SFH) [yr−1 ]
log10 sSFR (One-comp SFH), All Large Gals.)
log10 sSFR (One-comp SFH, Structure Excised)
log10 sSFR (Two-comp SFH)

a
b

Redshift Binned SFR and sSFR
0.15 ≤ z < 0.325

0.325 ≤ z < 0.55

0.55 ≤ z < 0.775

0.775 ≤ z

−1.1+0.6
−0.3
−1.1+0.5
−0.4
−1.1+0.6
−0.3
+1.0
−1.6−0.7
−12.6+0.4
−0.6
−12.5+0.4
−0.6
−12.6+0.4
−0.6
−13.0+0.7
−1.1

−0.9+0.6
−0.4
−0.9+0.6
−0.4
−0.6+0.5
−0.4
−1.5+1.2
−0.8
−12.6+0.4
−0.6
−12.6+0.4
−0.6
−12.3+0.4
−0.5
−13.2+0.8
−1.2

−0.1+0.3
−0.3
−0.2+0.3
−0.3
−0.3+0.3
−0.3
+1.1
−0.6−0.5
−11.8+0.3
−0.3
−11.9+0.3
−0.3
−11.9+0.3
−0.3
−12.3+0.5
−1.1

0.2+0.4
−0.3
0.1+0.4
−0.4
0.2+0.4
−0.3
−0.2+1.2
−0.5
−11.6+0.3
−0.4
−11.6+0.3
−0.4
−11.6+0.3
−0.4
−11.9+0.5
−1.2

Note. —
Includes both BCGs and galaxies within 0.75× the stellar mass of their respective BCG.
Binned results obtained when excluding BCGs in the overdense structures at z ∼ 0.35 and z ∼ 0.73

log10

M500
M

∼ 14.5 − 15.2. We also defined four redshifts bins, 0.15 ≤ z < 0.325, 0.325 < z ≤ 0.55,

0.55 < z ≤ 0.775 and 0.775 < z, and calculated the χ2 -weighted mean SFRs and sSFRs for each
bin. These are reported in Figure 3.2 with color-coded shaded regions with vertical limits depicting
the 1σ credible interval for the mean. For all plots we include the BCG from each group as well as
any massive (M∗ /MBCG > 0.75) group members. We notice no discernible difference in the trends
for SFR, sSFR, or M∗ between these two subsamples.
Redshift binned results are reported in Table 3.2. SFR declines by approximately one order
of magnitude from z ∼ 1 to the present day. Across all redshift bins, we find a typical BCG
SFR of ∼0.1–1 M

yr−1 . The SFR trends are similar whether we consider the one-component or

two-component SFH, although SFRs and sSFRs are about 0.5 dex lower when measured using the
two-component SFH (given the uncertainties, however; this difference is marginally significant).
Finally, we considered the impact of excising clusters in the overdense redshift regions discussed
in Section 3.3. These results are given in Table 3.2 as well. The overdensities at z∼ 0.35 and
z ∼ 0.73 extend in redshift space between 0.325 . z . 0.38 and 0.69 . z . 0.79 respectively
(Masters et al. 2011; Iovino et al. 2016), resulting in our excluding 12 clusters from bins 1-3. The
overall shift in our results is well within our uncertainties.
The mean sSFR decreases by about 1 dex across the redshift range in our study. In Figure 3.2
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Figure 3.2: Left: SFR versus redshift for BCGs (dark blue) and large group member galaxies with
M∗ /MBCG > 0.75 (light blue). Each SFR is defined to be the median of the marginal posterior
probability distribution of the SFR; the SFR weakly increases with redshift, within errors. The
error bars for SFRs denote the 68.3% credible intervals, corresponding to 1σ uncertainties for
approximately Gaussian probability distributions. The shaded boxes show the χ2 weighted mean
SFRs in each of four redshift bins of our sample, alongside the SZ-selected sample from McDonald
et al. (2016) for comparison. The horizontal width of each region depicts the width of each bin in
redshift, and the vertical height depicts the 1σ credible interval for the mean. Right: sSFR versus
redshift for all BCGs. The definition of the best fit, color scheme, and redshift bins are the same
as those in the left figure. The trend in sSFR with redshift is shallower than for SFR and also
shallower than the results from McDonald et al. (2016).
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Figure 3.3: Stellar mass versus redshift for BCGs (dark blue) and large group member galaxies
with M∗ /MBCG > 0.75 (light blue). The median estimation process of each M∗ is the same as for
the SFRs in Figure 3.2.
we show that, as redshift increases to 1, the typical sSFR for a BCG in our sample grows from
∼ 0.03% per Gyr to ∼ 0.3% per Gyr. Since the catalog we use probes masses uniformly across the
range of redshifts we study, our results in Figure 3.2 suggest some growth in the weighted mean
sSFR may occur at z ∼ 0.6, which would be consistent with McDonald et al. (2016) even after
accounting for the order of magnitude offset between our sample and their SZ-selected sample. We
find that across our redshift range, the sample we study probes the mass range 11.2 M - 12.5 M
relatively uniformly, as seen in Figure 3.3.
Finally, we examined the redshift evolution of the BCG mass-to-light ratio. These results are
presented in Figure 3.4. Studies such as Fraser-McKelvie et al. (2014) and Wen et al. (2013) use
the M∗ –W ISE W1 luminosity relationship to estimate stellar masses of BCGs at z < 0.1 and z <
0.35 respectively. However, further estimation of BCG stellar masses at higher redshifts requires
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Figure 3.4: M∗ /νL3.4µm values are plotted against redshift to assess the effect of passive evolution on the BCG sample, in which the population ages and becomes redder over time for both
BCGs (blue) and massive group members with M∗ /MBCG > 0.75 (light blue). Luminosities are
K-corrected and corrected for distance modulus. The solid line is a linear fit to the BCG points
from Hogg et al. (2010).
estimates of the evolution of M∗ /L3.4µm with redshift. Therefore, we computed W ISE W1 rest
frame luminosities by estimating the best-fit model W1 photometry in iSEDfit. This band is
sensitive to the population of old stars which compose the majority of the BCG’s stellar mass, in
addition to being less sensitive to recent star formation and dust than other bands. We fit a linear
model to the M∗ /L3.4µm ratio versus redshift using the least-squares method in Hogg et al. (2010).
The resulting redshift evolution of the stellar mass (M∗ ) to light (νLν (3.4µm )) ratio is:
!
MStellar (M )
+0.01
log10
= 1.38+0.01
−0.01 − 0.15−0.02 × z.
νL(3.4µm )ν (L )

(3.1)

Across this range of redshift space, the M∗ /L3.4µm ratio changes by a factor of ∼ 1.3. This evolution
is consistent with the evolutionary changes in Bruzual & Charlot (2003) models between ∼ 3-10
Gyr old.
Wen et al. (2013) find log10 M∗ /νL3.4µm ratios of ∼1.5-2 for some massive early-type galaxies
with M∗ > 11.5M

below z ∼ 0.35, consistent with an extrapolation to low redshift from Eq. 3.1
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(Fig. 3.4). The nearest contaminant in the NIR which could affect our result is the rest-frame 3.3
µm polycyclic aromatic hydrocarbon (PAH) emission feature, which will not be detected since this
feature will be redshifted above 4 µm (WISE W2 filter) beyond z = 0.2.

3.6.2

An Active Galactic Nucleus Outlier in COSMOS CL J100035.2+020346

The fit with the highest χ2 corresponds to COSMOS CL J100035.2+020346’s BCG (R.A. =
150.148794; decl. = 2.060569), with a χ2 of 7.6. Upon examination of its SED (see Appendix), its
positive NIR slope indicates the possible presence of an active galactic nucleus (AGN) component.
We test this hypothesis by comparing the IRAC band fluxes of this target with the criteria set by
Donley et al. (2012) as well as the obscured AGN models of Lacy et al. (2004, 2007). This BCG
does not satisfy the Donley et al. (2012) criterion of an IR AGN; however the ratio of IRAC band
flux ratios do match well with the model from Polletta et al. (2008) for an elliptical galaxy hosting
an obscured AGN contributing 0-20% of the total galaxy NIR output. No radio counterpart is
detected in the COSMOS catalogs, nor in the soft X-ray Chandra observations. However, this
target is detected in the hard X-ray ba=nd (2–7 keV) by Elvis et al. (2009) at a S/N of 4.49, and
a corresponding LX (0.5 − 7keV) of 6.29 × 1042 ergs s−1 . We believe this target is an active X-ray
AGN with minimal dust content surrounding the black hole.

3.7
3.7.1

Discussion
Contribution of star formation to BCG mass growth

Our typical sSFR values are < 10−11.0 yr−1 across all redshift bins, indicative of a doubling
time of > 1011 yr, and thus a stellar growth rate due to star formation on the order of < 1% Gyr−1
across the redshift range studied. After accounting for stellar mass loss and recycling, this rate is
corrected to < 0.4% Gyr−1 (e.g. Kennicutt et al. 1994; Brinchmann et al. 2004).
Our results are closest to the lower bound of McIntosh et al. (2008)’s 1.4-6.4%/Gyr growth rate
and consistent with Oliva-Altamirano et al. (2014)’s lack of significant change at lower redshift
(0.09 < z < 0.27). However, our results indicate an order of magnitude less growth than from Bai
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et al. (2014) and Inagaki et al. (2015), who used red sequence and X-ray luminosity selected BCGs.
Inagaki et al. (2015) fit SZ-effect selected BCGs using only SDSS ugriz magnitudes via kcorrect
and NewHyperZ, using Bruzual & Charlot (2003) stellar population models and a Chabrier IMF.
After correcting for the different choice in IMF, our result is consistent with their lower limit of
2%, but not their upper limit of 14%. They also noted that NewHyperZ yielded higher masses than
their kcorrect models and that their selection of early-type galaxy models may have influenced
the result. Bai et al. (2014) used the GALFIT luminosity of their targets combined with the M/L
ratio given by the Maraston et al. (2009) luminous red galaxy models. This difference in stellar
and M/L ratio assumptions may be contributors to our different results.
We also find that our sample is significantly more quiescent than the sample of groups presented
in Gozaliasl et al. (2018), since they find that the mean SFR in their sample can account for as
much as 45% of the growth rate of brightest group galaxies. We suspect that this result is driven
by star-forming BGGs in either the lower-mass or galaxy-poorer halos in their sample, which is
consistent with the median SFR in their sample being consistent with our mean across redshift
space. Taken together, these results suggest distinct different in growth process in BCGs hosted in
halos above and below M200 ∼ 1014 M . Alternatively, the degeneracy between SFR and AV in
SEDs without MIR and FIR constraints may result in the overestimation of the SFR in a minority
of cases.
This work’s mean sSFR is higher than that of 9.42 ×10−12 yr−1 in Cooke et al. (2016), who
investigated the Sloan Giant Arcs Survey (SGAS) and Cluster Lensing and Supernova Survey with
Hubble (CLASH) samples. This is expected, as their estimators only measured unobscured rates
while our inclusion of IR upper limits constrains the star formation obscured by dust as well as the
un-obscured component.
As noted above, this is an order of magnitude less growth than in McDonald et al. (2016),
which diverges further from our results at higher redshift as wet merger-driven stellar mass growth
drives higher SFRs. Using detections from the SPT, McDonald et al. (2016)’s sample probes the
most massive BCGs across the southern hemisphere, each more massive than our BCG sample.
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We believe the discrepancy in stellar mass growth rate is due to their mass selection requiring a
more aggressive merger-driven mass growth in their past in order to reach their observed masses,
a process that would deliver additional gas and supply the higher growth rates observed.
Comparison with X-Ray and SZ-selected Cluster Samples
We use available archival data from three other X-ray-selected BCG studies in order to provide a
larger sample to test whether BCG star formation is typical of other massive galaxies: the ACCEPT
survey (Cavagnolo et al. 2009), the BCGs studied by Mittal et al. (2015), and CLASH (Postman
et al. 2012). Of these samples, the CLASH BCGs occupy a stellar mass and redshift range most like
the present sample, having masses above 1011 M and a redshift range of 0.2 < z < 0.7. However,
the CLASH survey selected massive (kT > 5 keV), morphologically symmetrical (ellipticity ≤ 0.3)
clusters, and so contains more massive clusters than COSMOS and a large fraction (> 50%) of cool
cores (Postman et al. 2012). Meanwhile, the ACCEPT clusters overlap with both the COSMOS
and the CLASH cluster masses. Stellar mass and SFRs were calibrated to a common Salpeter IMF
for comparison.
The ACCEPT survey selected 239 X-ray clusters in the temperature range Tx ∼ 1 − 20 keV and
the bolometric luminosity range Lbol ∼ 1042−46 erg s−1 , spanning redshifts 0.05 − 0.89 (Cavagnolo
et al. 2009). SFRs and stellar masses of ACCEPT cluster BCGs were measured in Hoffer et al.
(2012a). We include sSFR values for BCGs with SFRs estimated using 70 µm Spitzer MIPS
observations or NUV GALEX observations from Hoffer et al. (2012a).
The CLASH survey (Postman et al. 2012) observed 25 galaxy clusters, of which 20 were selected
by X-ray temperature and morphology. Five more strongly lensing clusters with Einstein radii >
35”; were also included. Fogarty et al. (2015) and Donahue et al. (2015) independently investigate
the star formation characteristics of the CLASH sample.
As seen in Fig. 3.5, the sSFR of BCGs decreases as a function of stellar mass for the overall
comparison sample. The behavior of actively star-forming BCGs is consistent on average with the
star-forming main sequence at the mean redshift of all of the samples(Noeske et al. 2007b; Lee et al.
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Stellar Mass vs. sSFR in X-Ray Selected Clusters
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Figure 3.5: sSFR vs. stellar mass for COSMOS BCGs (dark blue) and massive group members with
M∗ /MBCG > 0.75 (light blue), with Hoffer et al. (2012a), Mittal et al. (2015), and CLASH X-rayselected clusters shown for comparison. The blue line represents the star-forming main sequence
as found by Lee et al. (2015) at the mean redshift of all BCGs plotted. The blue dashed lines
trace the region that is within a factor of 3 of the main-sequence trend; galaxies above the dashed
region are active star formers, while those below the dashed region are quiescent. We note that
at this mass range, the main sequence dispersion rapidly increases, therefore this trend should be
used to guide the eye. Our sample is predominantly quiescent with around five outliers still on or
above the main sequence. Dark blue points correspond to BCGs in the COSMOS sample, light
blue to COSMOS group members with M∗ /MBCG > 0.75, yellow triangles to BCGs with 70 µm
detections in the ACCEPT catalog, with yellow downward arrows corresponding to upper limits,
gray triangles depict ACCEPT BCGs with UV observations, red stars show BCGs in the CLASH
X-ray-selected sample, and green boxes show the Mittal et al. (2015) BCGs.
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2015). This behavior is not evident in the individual samples we plot, however, since each sample
occupies a relatively narrow range of stellar masses. Furthermore, while the ACCEPT and CLASH
samples overlap the main-sequence star forming range, our COSMOS sample is systematically more
quiescent than what would be predicted by the star-forming main sequence, while the Mittal et al.
(2015) sample is systematically more active.
We suspect individual BCGs have evolved off the star-forming main sequence, so the apparent
trend between stellar mass and sSFR evident when comparing the BCGs from these different Xray-selected samples is consistent with BCG star formation being driven by processes in the halo
external to the BCG. One noteworthy aspect of Fig. 3.5 is that the BCGs in the X-ray samples
appear to straddle the star forming main sequence, which suggests a link between the halo-driven
fueling process in BCGs and field massive ellipticals. It is also likely that whether or not the mean
star formation behavior of a sample of BCGs is consistent with the star forming main sequence
depends on how the sample selects for cool cores. The morphology selection of CLASH increases
the incidence of cool-core clusters in the sample, thereby increasing the incidence of cooling-induced
BCG star formation, which likely contributes to why the COSMOS sample is systematically more
quiescent than the CLASH sample despite occupying the same stellar mass bin.
The tendency of COSMOS BCGs toward quiescence may be a function of the cluster’s mass.
Figure 3.6 displays sSFR vs. cluster M500 for the COSMOS, ACCEPT, and CLASH samples, as
well as the SZ-selected sample in McDonald et al. (2016). M500 is the total mass residing within
a region containing a total matter density 500 times the mean matter density of the universe at
that redshift. Cluster masses were estimated for COSMOS and ACCEPT by converting X-ray
luminosities to M500 using the scaling relation in Pratt et al. (2009). Masses for CLASH were
estimated through a combination of strong and weak lensing (Merten et al. 2015).
These results suggest BCG evolution may be affected by cluster mass, although it is possible
that different effects might dominate at different redshifts. First, we consider the COSMOS and
SPT samples. The COSMOS sample is both significantly more quiescent and lower mass than the
SPT sample. The majority of the high-sSFR BCGs in the SPT sample occur at high redshift,
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while the sSFR characteristics of the COSMOS sample are still systematically lower at low redshift
(log10 sSFR ∼ −12.6 yr−1 as opposed to −11.7 to −11.2 yr−1 ). McDonald et al. (2016) cite merger
driven star-formation in young cluster environments at high redshift as driving the evolution of
star formation in their sample. The discrepancy between our findings and those of McDonald et al.
(2016) may be explained by the hypothesis that evolution observed in McDonald et al. (2016) is
merger driven at z & 0.6. In the high redshift bins, more massive clusters will have undergone
more cluster mergers, which at high redshift may serve as a gas delivery mechanism to drive star
formation. As a result, a high-cluster mass sample like the SPT sample would have BCGs with
higher sSFRs than a low-cluster mass sample like COSMOS at high redshifts.
The CLASH and ACCEPT samples, meanwhile, occupy the full range of cluster masses and
BCG sSFRs bracketed by the COSMOS and SPT samples. These X-ray-selected samples are lower
redshift (hzi = 0.39 for CLASH and 0.14 for the ACCEPT clusters used in this paper, as opposed to
0.75 for the SPT sample), and therefore we expect star formation to be induced by cooling. Taken
together, they show that the BCG sSFR depends on mass in X-ray-selected clusters at low to
moderate redshifts in the sense that star formation can be more vigorous as cluster mass increases,
but need not be (while the ACCEPT BCGs show a trend between sSFR and M500 , we suspect the
bolometric luminosity-derived masses in ACCEPT may be biased by cool cores, and implying this
trend may actually be reflective of the correlation between BCG star formation and the presence
of cool cores). A plausible physical explanation at lower redshifts is that the larger sSFRs of BCGs
in more massive clusters have the potential to be supported by proportionally larger reservoirs if
these BCGs are in the cores of cool-core clusters.

3.7.2

Evolution of M/L3.4µm with Redshift

Previous studies at low redshift (e.g. Wen et al. 2013; Fraser-McKelvie et al. 2014) found a
correlation between stellar mass and rest-frame W1 luminosity density at z < 0.1. This correlation
will evolve with redshift as the W1 band observations include emission from a younger and brighter
stellar population. Therefore, we measured the evolution of the M∗ /L3.4µm ratio across a redshift
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Figure 3.6: sSFR vs. cluster M500 . Purple crosses correspond to BCGs in the McDonald et al.
(2016) SPT SZ-selected clusters; otherwise the colors and symbols used are identical to Figure 3.5.
Cluster masses from the Mittal et al. (2015) sources were not listed in the paper. Our sample
populates the same low sSFR and M500 parameter space as the low M500 clusters from Hoffer et al.
(2012a), indicating a possible correlation between cluster M500 and BCG sSFR.
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range between 0.2 and 1.0 using our COSMOS dataset. Our estimated M∗ /L3.4µm ratio of 101.38 at
z = 0 is consistent with the high-mass end of the M∗ /L3.4µm relationship in Wen et al. (2013). For
a 1012 M galaxy, Wen et al. (2013) predict a ratio of 101.29 . Since the masses used in their results
were estimated from colors calibrated assuming a Chabrier (2003) IMF, it matches our results given
the ∼0.2 dex offset between the Chabrier (2003) and Salpeter (1955) IMFs.
The slope in our overall relationship is consistent with the passive evolution of a stellar population becoming redder over time, following a Bruzual & Charlot (2003) evolutionary track from
∼ 3 to ∼ 10 Gyr old. Our measurement of the M∗ /L3.4µm ratio is consistent with the body of
results supporting dry-merger-driven stellar mass growth in BCGs (e.g., De Lucia & Blaizot 2007;
Whiley et al. 2008; Vulcani et al. 2016). In particular, our results from the COSMOS sample imply
that the addition of new mass to a BCG does not change its mass-to-light ratio, so the stellar
population of cannibalized galaxies must be a similar age to the existing population in the galaxy.
Since observations indicate that BCG masses grow by a factor of ∼ 2 between z = 0.9 and 0.2, stars
from early-type stellar populations must accrete onto the BCGs without triggering star formation
(Lidman et al. 2012, 2013; Rodriguez-Gomez et al. 2017). Our findings also align with observations
of the evolution of the M∗ /LB ratio out to z = 0.5, which also imply passive BCG evolution (van
der Marel & van Dokkum 2007).

3.8

Conclusions

We examined the role of star formation in the stellar mass growth of BCGs in low-mass clusters
at intermediate redshifts by fitting the SEDs of 44 BCGs below z < 1 in the COSMOS survey. By
using publicly available archival data from the FUV to FIR, we estimated SFR and M∗ across four
redshift bins (0.15 < z < 0.325, 0.325 < z < 0.55, 0.55 < z < 0.775 and 0.775 < z). By comparing
our estimates with similar work examining more massive clusters in the literature, we conclude the
following:
1. BCG SFR weakly declines with redshift from z ∼ 1 to the present day. We find evidence
that the sSFRs of BCGs in low-mass clusters evolve at least down to z ∼ 0.5, but that at
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all redshifts these galaxies are systematically more quiescent than their higher-mass cluster
counterparts.
2. An evolution of the baryonic M/L3.4µm ratio with redshift is observed and fit. This redshiftdependent correlation provides an extension of that found by Wen et al. (2013), previously
limited to z < 0.1.
3. Star formation plays very little role in BCG mass growth in the COSMOS sample. Our
estimates for the contribution of star formation to BCG stellar mass at z < 1 (< 1% per Gyr)
is consistent with or below the low end of similar estimates in the literature.
While we find evidence for evolving SFRs in COSMOS BCGs, when compared to the massive
SZ-limited sample of McDonald et al. (2016), our sample is systematically more quiescent across
redshift bins. We suspect that the processes governing the evolution of star formation are the
same in these homogeneously selected samples of clusters, but the magnitude of star formation
is a selection effect. By comparing with both this sample and X-ray selected samples of clusters
at lower redshifts (which have a greater tendency than either COSMOS or SZ-selected samples to
select clusters that have formed cool cores), we are led to suspect that this effect is as function of
how samples select cluster mass and ICM dynamical state.
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3.10

Appendix

Fit parameters for individual COSMOS BCGs are presented in Table 3.10.1. We report the
median SFR and sSFR and 1σ uncertainties obtained for each galaxy. Values for χ2 are reported
for the best-fitting model in the Monte Carlo grid for each BCG. Best-fit model spectra for each
BCG are shown in Figure A1.

3.10.1

BCG Best-Fit Parameters
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Table 3.3.
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2.68
1.83
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−0.48+0.23
−0.28
−1.29+0.73
−0.55
−0.13+0.34
−0.37
−0.36+0.32
−0.31
−1.28+0.74
−0.55
−1.18+0.81
−0.62
−0.58+0.96
−0.47
−1.35+0.78
−0.63
−0.40+0.3
−0.23
−0.26+0.43
−0.36
−0.35+0.44
−0.33
−0.19+0.36
−0.4
−0.12+0.46
−0.32
−0.73+0.94
−0.51
1.01+0.31
−0.26
−1.0+0.76
−0.56
1.82+0.14
−0.08
−1.10+0.83
−0.61

−13.17+0.6
−0.78
−12.04+0.36
−0.37
−12.98+0.59
−0.8
−12.04+0.32
−0.33
−12.56+0.62
−0.97
−12.01+0.38
−0.92
−11.07+0.4
−0.41
−10.98+0.26
−0.49
−13.19+0.54
−0.76
−12.76+0.58
−0.86
−11.62+0.31
−0.45
−12.74+0.69
−0.9
−13.24+0.46
−0.71
−13.25+0.47
−0.81
−13.18+0.58
−0.77
−13.02+0.63
−0.77
−12.00+0.38
−0.35
−11.82+0.33
−0.43
−11.63+0.38
−0.75
−13.07+0.55
−0.8
−13.03+0.5
−0.46
−11.89+0.36
−0.43
−11.95+0.38
−0.45
−13.23+0.56
−0.72
−11.96+0.41
−0.38
−12.56+0.5
−0.93
−12.39+0.31
−0.21
−13.10+0.55
−0.82
−11.98+0.37
−0.36
−12.12+0.32
−0.34
−13.10+0.55
−0.82
−12.79+0.61
−0.83
−12.29+0.51
−0.94
−12.87+0.64
−0.81
−12.19+0.25
−0.28
−11.82+0.37
−0.46
−11.86+0.37
−0.45
−11.95+0.42
−0.38
−11.65+0.32
−0.47
−12.31+0.54
−0.95
−10.66+0.27
−0.3
−12.93+0.59
−0.76
−9.68+0.1
−0.19
−12.77+0.6
−0.87

Note. — a Uncertainties denote the 1σ credible intervals for each value.
Best-fit sSFRs based on iSEDfit.
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Best-fit SEDs from iSEDfit
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z = 0.74
χ2 = 1.14

28

106

104

COSMOS CL J100138.5+023514

105
Observed Wavelength [Å]
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Figure A1: Best-fit models for the COSMOS BCGs. COSMOS SEDs are plotted in each figure
as black points (for detections) and red arrows (for 3σ upper limits). Error bars depicted on the
SEDs are 1σ error bars. The gray line in each plot depicts the best-fit spectrum, corresponding to
the model producing the smallest reduced χ2 in the iSEDfit Monte Carlo grid.
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CHAPTER

4

STELLAR MASS GROWTH OF BRIGHTEST CLUSTER
GALAXY PROGENITORS IN COSMOS SINCE z ∼ 3

4.1

Abstract

We examine the role of environment on the in situ star formation hosted by the progenitors of the
most massive galaxies in the present day universe, the Brightest Cluster Galaxies (BCGs), from z ∼
3 to present in the COSMOS field. Progenitors are selected from the COSMOS field using a stellar
mass cut motivated by the evolving cumulative comoving number density of progenitors within
the Illustris simulation, as well as the Millennium-II simulation and a constant comoving number
density method for comparison. We characterize each progenitor using FUV-FIR observations
taken from the COSMOS field and fitting stellar, dust, and AGN components to their spectral
energy distributions. Additionally, we compare the star formation rates of our progenitor sample
to the local density maps of the COSMOS field to identify the effects of environment. We find that
BCG progenitors evolve in three stages, starting with an in situ star formation (SF) dominated
phase (z > 2.25). This is followed by a phase until z ∼ 1.25 where mass growth is driven by in
situ star formation and stellar mass deposited by mergers (both gas rich and poor) on the same
order of magnitude independent of local environment. Finally, at low redshift dry mergers are the
dominant stellar mass generation process. We also identify this final transition period as the time
when progenitors quench, exhibiting quiescent NUVrJ colors.
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4.2

Introduction

The evolutionary history of today’s most massive galaxies is an important component to understanding the evolution of large scale structure in the universe and galaxy populations in general,
placing vital limits on the speed that baryonic matter can assemble into gravitationally bound
structures. These are massive elliptical galaxies, called Brightest Cluster Galaxies (BCGs), and are
normally located at the center of their cluster in position/velocity space (Lauer et al. 2014). They
are composed of an old stellar population and a hot gaseous component in an extended envelope
larger than predicted by the distribution of neighboring non-BCG ellipticals (Oemler 1976). While
most are quiescent, those that inhabit relaxed, massive haloes may exhibit atypically large (> 1 M
yr−1 ) star formation rates. This is due to the surrounding intra-cluster medium (ICM) cooling and
precipitating into the BCG, known as cool-core galaxy clusters (e.g., Fabian 1994; O’Dea et al.
2008, 2010; Rawle et al. 2012; Fogarty et al. 2019), or due to the accretion of gas rich satellites
(e.g., Tremblay et al. 2014; Webb et al. 2015a; Cooke et al. 2016). BCG stellar mass and star
formation rates may also be affected by the mass of their cluster halos at low redshift (e.g., Cooke
et al. 2018; Gozaliasl et al. 2018). Their atypically high mass, quiescence, and extended light profiles collectively point to a formation mechanism unique with regard to their satellites, in which
most of their stars formed at z > 2, and conglomerated into a single BCG through many major and
minor mergers (De Lucia & Blaizot 2007). With this complex model in mind, a full identification
of BCG progenitors requires the characterization of all galaxies at high redshift that are likely to
merge and contribute their stellar mass onto proto-BCG ‘seeds’.
BCGs inhabit the high mass end of the galaxy stellar mass function; at z ∼ 0.5, BCGs in
massive, relaxed clusters are typically ∼ 1011.5 M

or greater (e.g., Lidman et al. 2012; Lin et al.

2013; Chiu et al. 2016; Cooke et al. 2016). At this stellar mass, the population is dominated by
passive (elliptical) galaxies, both BCGs and non-BCG ellipticals, that are three orders of magnitude
more common than star-forming (spiral) galaxies (Davidzon et al. 2017), particularly in dense
environments (e.g., Scoville et al. 2013; Darvish et al. 2016). By starting with this low redshift
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population, and then identifying the progenitor populations responsible, we examine the role of
internal versus external processes at a time when proto-clusters have not finished merging into
the virialized clusters observed at present day. In situ star formation refers to any star formation
processes within a galaxy, such as those triggered through secular (disk instability; Livermore
et al. 2012, 2015) or external stimuli (interactions or gas rich mergers; Sanders & Mirabel 1996;
Kartaltepe et al. 2012). Ex-situ stellar mass growth is the accretion of stellar mass formed outside
of the galaxy, such as the old stellar populations composing the secondary galaxy in a galaxy merger
(e.g., Pillepich et al. 2015).
The current hierarchical model of galaxy formation relies on a combination of stellar mass
growth through internal processes and mergers that build galaxies from several individual galaxies.
Mergers directly inject stellar mass into the primary galaxy concurrent with in situ star formation
triggered if either galaxy is gas rich. The relative roles of internal processes and mergers have
been simulated at length in large scale cosmological models (e.g., The Millennium-II Simulation
(MS-II) & The Illustris Project; Springel et al. 2005; Vogelsberger et al. 2014) and zoom-in models
(Narayanan et al. 2010, 2015; Ragone-Figueroa et al. 2018). While there is still tension with
observations in properties such as morphology (e.g., Genel et al. 2014), many predictions from
simulations, such as merger rates, remain within observational errors (Lotz et al. 2011; RodriguezGomez et al. 2017; Duncan et al. 2019). The total stellar mass growth of a BCG, or any massive
galaxy, can be summarized by two drivers with multiple contributors:
1. In Situ Star Formation
(a) Self-Sourced - A galaxy’s cold gas supply condenses via local or gravitational interaction/flyby
(b) Intra Cluster Medium Precipitation - Cooling gas from the cluster ICM precipitates
down the potential well and forms stars
(c) Wet Mergers - Stars form due to the shocks and greater gas supply provided during a
gas rich merger
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2. External Delivery of Stellar Mass
(a) Wet and Dry Mergers - Immediate contribution of an existing, older stellar population
(b) Local Interaction - Capture of stellar mass from an interaction with an unbound secondary galaxy
The relative role of each of these contributors is a rich field of research, with many works
specializing in one or more facet of this picture (e.g., O’Dea et al. 2008; Naab et al. 2009; Loubser
& Sánchez-Blázquez 2012; Webb et al. 2015a, 2017; Contini et al. 2018). Another factor is the role
of local environment on the stellar mass assembly processes described above. A correlation between
local environment and star formation is observed at low redshift (e.g., Oemler 1976; Dressler 1980;
Kauffmann et al. 2004; Darvish et al. 2018), but is still a subject of debate at high redshift (e.g.,
Elbaz et al. 2007; Scoville et al. 2013; Darvish et al. 2016). Active galactic nucleus (AGN) activity
as a function of environment at high redshift is likewise under investigation (e.g., Ehlert et al. 2013;
Martini et al. 2013; Umehata et al. 2015; Alberts et al. 2016; Yang et al. 2018; Macuga et al. 2019).
In this paper, we seek to understand the roles of in situ star formation and external delivery
toward the total growth of BCG progenitors as a function of environment and redshift. However,
identifying progenitors to specific populations in the present day universe remains one of the most
difficult, but critical, elements of galaxy evolution studies. Due to the long timescales involved, we
require a method that connects galaxies across redshift and is independent of SFR characteristics
such as color. This is often implemented as a stellar mass selection as a function of redshift and
descendent stellar mass.
A relatively straightforward method for identifying the progenitors of massive galaxies is to
assume that the most massive galaxies in clusters and groups remain the most massive throughout
their history (van Dokkum et al. 2010). One implementation of this concept is the constant comoving number density method (van Dokkum et al. 2013; Leja et al. 2013; Patel et al. 2013) that
assumes that the number of galaxies within a given comoving volume of the universe is constant.
As the galaxies age within the volume, the population within each stellar mass bin will grow in
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stellar mass with time, and inhabit the new stellar mass bin at an equal density as their old bin. By
selecting galaxies at high redshift that inhabit the universe at an equal cumulative number density,
one selects the direct progenitors of the low redshift population. This method can be corrected to
include merger partners by increasing the cumulative comoving number density cutoff (i.e., lowering the stellar mass cutoff), and this evolving cutoff has been investigated with semi-empirical
approaches or by using cosmological simulations (e.g., Marchesini et al. 2014; Torrey et al. 2015).
We use the evolving comoving cumulative number density selection method to identify the
progenitors of Brightest Cluster Galaxies out to redshift z ∼ 3. We select a descendant stellar
mass cutoff of 1011.5 M

at z < 0.35 to ensure we track progenitors to BCGs in the low redshift

universe. To characterize each progenitor, we fit the spectral energy distributions (SEDs) of each
target from the far ultraviolet (FUV) to far infrared (FIR) to ensure sensitivity to low and obscured
SFRs. Additionally, we build upon previous studies (e.g., Hill et al. 2017; Torrey et al. 2017) by
correlating our progenitor characteristics to the local galaxy environment using redshift sensitive
adaptive kernel density maps of the COSMOS field (Darvish et al. 2015, 2017).
In § 4.3 we discuss the data we used to construct the SEDs of our sample. In § 4.4 we describe
how we implemented an evolving comoving number density selection function to acquire our BCG
progenitor sample. The median SED fits of our sample are discussed in § 4.5. We consider the
physical implications of our results in § 4.6 and we summarize our findings in § 4.7. We use the
lambda cold dark matter (ΛCDM) standard cosmological parameters of H0 = 70 Mpc−1 km s−1 ,
ΩM = 0.3, and Ωvac = 0.7 and a Chabrier (2003) initial mass function (IMF).

4.3

COSMOS Multiwavelength Data

We first require a large contiguous area and volume to examine progenitors across the full range
of cosmological environments. Additionally, we need well-sampled SEDs from the FUV to the
FIR to constrain the stellar mass and star formation rates of the massive galaxies within these
environments. These requirements are uniquely satisfied by the COSMOS field (Scoville et al.
2007). COSMOS is a 2 sq. deg. field centered at RA(J2000) = 10:00:28.600, DEC(J2000) =
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+02:12:21.00 observed from the X-ray to the radio. We use the public COSMOS photometric data
catalog, COSMOS2015 (Laigle et al. 2016), to select progenitors and construct their SEDs from
the FUV to FIR. Below, we concisely summarize each of the COSMOS datasets used in this study;
for further details of COSMOS2015 see Laigle et al. (2016).

4.3.1

Photometric and Spectroscopic Redshifts

The quality of our SED fits and environment estimates depend on accurate distance measurements. To that end, we start with COSMOS photometric redshift measurements (Ilbert et al. 2008)
in the COSMOS2015 catalog (Laigle et al. 2016). We then crossmatch the COSMOS2015 progenitors’ coordinates with the spectroscopic detections in the COSMOS spectroscopic catalog to the
closest match within 1” of the original COSMOS2015 location. Our BCG progenitor sample includes spectroscopic redshifts available from the 3D-HST Survey (Brammer et al. 2012; Momcheva
et al. 2016), Keck DEIMOS 10K Spectroscopic Survey (Hasinger et al. 2018), FMOS-COSMOS
Survey (Kashino et al. 2013; Silverman et al. 2015; Kartaltepe et al. 2015b), the Gemini GMOS-S
spectra of Balogh et al. (2011), COSMOS Active Galactic Nucleus (AGN) Spectroscopic Survey
(Trump et al. 2007, 2009), the Keck LRIS spectra of Casey et al. (2017), MOIRCS Deep Survey (Yoshikawa et al. 2010), the Keck MOSFIRE spectra of Trakhtenbrot et al. (2016), the Keck
DEIMOS spectra of Capak et al. (2011) and Mobasher (2016), the SINFONI spectra of Perna et al.
(2015), the zCOSMOS Survey (Lilly et al. 2007), VIMOS Ultra-Deep Survey (Le Fèvre et al. 2015),
and the HST/WFC3 grim spectra of Krogager et al. (2014).

4.3.2

GALEX

We use far-UV (FUV) and near-UV (NUV) band PSF-fit photometric magnitudes from the
Galaxy Evolution Explorer (GALEX ; Martin et al. 2005) to constrain the degree of unobscured
star formation. GALEX observations in the COSMOS2015 catalog were originally reduced by
Zamojski et al. (2007). We correct the GALEX FUV-Spitzer IRAC4 observations for Milky Way
foreground extinction using a galactic reddening of Rv = 3.1 (Morrissey et al. 2007) and E(B−V )
values from the dust maps of Schlegel et al. (1998).
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4.3.3

Canada–France–Hawaii Telescope (CFHT)

CFHT/MegaPrime (Aune et al. 2003; Boulade et al. 2003) u∗ observations of the COSMOS
field were taken with a consistent depth of mu∗ ∼ 26.4 Capak et al. (2007).

4.3.4

Subaru

To constrain our stellar mass estimates, we need sensitive optical continuum measurements
across as many bands as possible. Therefore, we include Subaru/Suprime-Cam optical observations
using five broad band filters (B, V, R, i+, z + +) and 11 medium band filters (IA427, IA464,
IA484, IA505, IA527, IA574, IA624, IA679, IA738, IA767, and IA827), observed to a 3σ depth of
mAB ∼ 25.2 or deeper. Out of these filters, IA464 suffers the worst resolution with PSF FWHM of
1.89” Taniguchi et al. (2007, 2015).

4.3.5

Vista

We include Vista/VIRCAM (Sutherland et al. 2015) J, H, and K-band observations from the
UltraVISTA-DR2 survey (McCracken et al. 2012). J, H, and K-band observations have limiting
magnitudes mAB of 24.7, 24.3, and 24.0 respectively.

4.3.6

Spitzer Observations

Further IR observations of the COSMOS field are available from the SPLASH (Steinhardt et al.
2014) and S-COSMOS surveys (Sanders et al. 2007) using the Spitzer Space Telescope (Spitzer ;
Werner et al. 2004). Data from Spitzer ’s Infrared Array Camera (IRAC)’s 3.6, 4.5, 5.7, and 7.9
µm channels (for more information, see Fazio et al. 2004) have PSF widths 1.00 6, 1.00 6, 1.00 8, and 1.00 9
respectively, and were observed down to a 3σ depth of mAB of 25.5, 25.5, 23.0, and 22.9, respectively.
We also use MIPS (Rieke et al. 2004) 24 µm measurements, which act as an important constraint
to the total IR fit. MIPS 24 µm was observed to a 5σ depth of 71 µJy.
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4.3.7

Herschel Observations

To accurately estimate the obscured AGN and star formation activity in our sample, we use
FIR observations to constrain the FIR peak. COSMOS FIR observations include the Herschel
Space Observatory (Herschel ; Pilbratt et al. 2010) Photoconductor Array Camera and Spectrometer
(PACS; Poglitsch et al. 2010) 100 and 160 µm bands and Spectral and Photometric Imaging
Receiver (SPIRE) 250 µm, 350 µm, and 500 µm bands. The PACS Evolutionary Probe (PEP:
Lutz et al. 2011) data used in this study were observed down to a 3σ depth of 5 and 10.2 mJy for
100 and 160 µm bands, respectively. Herschel Multi-tiered Extragalactic Survey (HerMES: Oliver
et al. 2012) SPIRE 250 µm, 350 µm, and 500µm observations reach a 3σ depth of 8.1, 10.7 mJy,
15.4 mJy, respectively.
Blending is possible at the longest wavelengths due to the large beam size (18.1” at 250 µm,
24.9” at 350 µm, 36.6” at 500 µm), therefore de-blending was performed band by band using the
next most-resolved observation starting with Spitzer IRAC observations as priors (Lee et al. 2010).
Blending is the largest issue at 500 µm, therefore to ensure that the 500 µm detections correspond
to our progenitor sample, we use the ‘clean index’ from Elbaz et al. (2011). In brief, a progenitor’s
500 µm data is rejected if there is more than one bright neighbor within 1.1x the FWHM at 24 µm
or there are bright neighbors within 1.1× the FWHM of the respective Herschel FIR band, with a
bright neighbor defined as SN eighbor /ST arget > 0.5.

4.4
4.4.1

Methods
Cumulative Number Density Selection Function

Due to the long timescales involved in an individual galaxy’s evolution, large samples over many
epochs are needed to probe the growth of stellar mass in the universe. Selecting a population of
progenitors at high redshift is difficult because the entire point of the exercise is that an important
characteristic of the progenitor population remains unknown. The constant comoving cumulative
number density method introduced by van Dokkum et al. (2010) was a solution to this problem.
This method assumes a constant number of galaxies in the past and present universe. To identify
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the progenitors of massive galaxies in the present day, one would measure the density they inhabit
in a volume element of the present universe and identify a corresponding population in the early
universe that occupied the universe at the same volume density (illustrated in Figure 4.1).
This method has been successfully used to identify some of the progenitors for today’s population
of massive galaxies (van Dokkum et al. 2010; Patel et al. 2013; Morishita et al. 2015), but it is
biased toward higher mass progenitors. This bias arises because the galaxies that merge onto the
selected progenitor galaxy are not included. Secondary galaxies are often lower mass (of higher
number density) and therefore their exclusion results in a bias toward lower number density and
higher mass progenitors (Mundy et al. 2015). Progenitors that evolved via a merger dominant
evolutionary path would not be selected, as these low mass progenitors would inhabit a lower stellar
mass (and higher number density) parameter space than the rest of the progenitor population. The
disparity between predicted and ‘actual’ progenitor stellar masses could reach a factor of two at
high redshift (Leja et al. 2013; Mundy et al. 2015). To better correct for the effect of mergers,
an evolving number density method was developed by tracking the median progenitor mass in
cosmological simulations (Mundy et al. 2015; Torrey et al. 2015; Jaacks et al. 2016).
An evolving number density selection is derived by identifying a population in a low redshift
slice of the universe and tracing back in redshift the number density that corresponds to the
median stellar mass of their most massive progenitors. This method has been used with multiple
simulations, and this analysis includes the Illustris simulation number density evolution tracks
(Torrey et al. 2017, 2015), with comparison tracks from Millennium-II (MS-II, Boylan-Kolchin
et al. 2009) and a constant number density cut discussed in Section 4.6.
The Illustris simulation is a cosmological hydrodynamic simulation of volume 1.2079 ×106
Mpc3 that includes dark and baryonic physics (Vogelsberger et al. 2014). Baryonic processes
include radiative cooling, star formation and supernova feedback, and active galactic nucleus (AGN)
feedback. Baryonic mass is resolved with particles of mass 1.3 × 106 M . The inclusion of baryonic
physics enables Illustris to more accurately model the evolution of star formation at late times in
the universe as AGN and outflows heat and push out the gas supply within each galaxy.
84

Chapter 4. COSMOS BCG Progenitors From 0.5 < z < 3.0

Figure 4.1: An example of the constant number density selection method, using the assumption of
a constant number of galaxies in the universe (total box). A population of low redshift, quiescent
galaxies (shaded red spirals) on the right correspond to their high redshift progenitors on the left
(shaded yellow spirals) by the density they inhabit the universe, irrespective of parameters such as
color or star formation activity.
To estimate stellar masses of progenitors observed in COSMOS, we use Davidzon et al. (2017)’s
stellar mass function (SMF) to identify the cumulative number density of galaxies with stellar
masses above 1011.5 M

below z ∼ 0.35, which corresponds to the regime of low redshift BCGs

(e.g., Lidman et al. 2012; Liu et al. 2012; Fraser-McKelvie et al. 2014; Cooke et al. 2016). We
choose to use the SMF of the total population and not only the passive population, as the passive
population outnumbers the active population by a factor of ten at this mass and redshift and we do
not wish to bias our selection toward the most passive progenitors. The results shown in Section
5.6 are consistent within errors if we exclude or include active descendants at low redshift. Once
the density of the total descendant population is identified, we determine the cumulative comoving
number density of BCG progenitors in redshift slices out to z ∼ 3 using an Illustris derived number
density evolution relation (Eq. A4 of Torrey et al. 2017),
hN (z)i0 = N0 + ∆z(A00 + A01 N0 + A02 N02 )
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+∆z 2 (B00 + B10 N0 + B20 N02 )
, where N0 represents the cumulative comoving number density of BCGs below z ∼ 0.35, and the
0
constants A00,1,2 & B0,1,2
are best fit parameters to the backward median number density evolution.

4.4.2

Application to Observations

To construct our final sample, we take the cumulative comoving number density predictions
estimated above and calculate the stellar mass corresponding to the progenitor cumulative number
density in that redshift slice (red line in Figure 4.2) given the observed COSMOS stellar mass
function (Davidzon et al. 2017). To maintain sample completeness, we fit the SEDs of an expanded
sample down to a lower stellar mass limit than required by our Illustris-derived selection function.
By fitting COSMOS galaxies within a factor of 3 of the Illustris selection function, we hope to
recover any galaxies with underestimated masses in their initial fit in the COSMOS2015 catalog.
After fitting our initial sample of prospective progenitors (dotted blue line in Figure 4.2), we select
galaxies that have a fit stellar mass (described in Section 4.5) above the Illustris evolving comoving
number density method mass cut for that given redshift bin (red line in Figure 4.2). Our final
sample includes 1444 BCG progenitors from 0.5 < z < 3.0.

4.4.3

Comparison Sample Selection Methods

We also compare our results based on the Illustris selection function to other commonly used
selection methods. The Millennium-II simulation (Boylan-Kolchin et al. 2009) is a dark matter-only
simulation that does not include baryonic physics. Number density is thus derived from dark matter
halos characteristic of our low redshift massive elliptical sample. For MS-II halos, we identify the
stellar mass of a given halo mass’ baryonic counterpart using Guo et al. (2013) Millennium WMAP
7 (MR7) semi-analytic galaxy models scaled to the MS-II simulation. We start similarly to our
Illustris method by using Davidzon et al. (2017)’s SMF to identify the cumulative number density
of galaxies with stellar masses above 1011.5 M at z ∼ 0.35. Then we identify the dark matter halo
mass corresponding to this number density cutoff. We identify the most massive halo progenitor
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Figure 4.2: The stellar mass selection function of our sample via constant comoving number
density (orange), and the evolving comoving number density predicted via Illustris (red) and MS-II
(teal). We also identify the stellar mass cutoff for the massive galaxy population that deposits
50% of the merger delivered stellar mass at that redshift (blue dotted) and plot the galaxies from
COSMOS2015 that satisfy this lower mass cut (grey circles). This lower cut enables us to identify
galaxies with initial COSMOS estimates below our Illustris cutoff that may be refit to higher masses.
The mass incompleteness limit is hatched green (Laigle et al. 2016), and is defined as the stellar
mass above which 90% of galaxies are detected given the Ks limiting magnitude of the COSMOS
field observations (Pozzetti et al. 2010; Davidzon et al. 2013; Ilbert et al. 2013; Moustakas et al.
2013).
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in each higher redshift bin, and find the number density corresponding to the median of the most
massive halo. This number density is then used with the corresponding Davidzon et al. (2017) SMF
at that redshift to identify a galaxy progenitor population from Guo et al. (2013)’s Millennium-II
mock galaxy catalog. We make the assumption that a single BCG progenitor lies in each halo.
The MS-II derived evolution track is shown as the teal solid line in Figure 4.2. We discuss how the
MS-II selected sample results compare to our primary Illustris-selected results in § 4.6.6.
Finally, we wish to compare our results to those derived from the original constant number
density method. Our constant number density comparison sample is chosen by identifying the
cumulative comoving number density of massive ellipticals in Davidzon et al. (2017)’s SMF at
z ∼ 0.35 and identifying the stellar mass of the cumulative population above that density in all
redshift bins out to z ∼ 3. This stellar mass and redshift combination corresponds to the massive
BCG population in the low to intermediate redshift universe (e.g., Lidman et al. 2012; Liu et al.
2012; Fraser-McKelvie et al. 2014; Cooke et al. 2016). Our constant number density evolution track
is shown as the orange solid line in Figure 4.2. Comparison between the constant number density
selection method and the evolving number density method used for the main results of this work
is included in § 4.6.7.

4.4.4

Quantifying Local Environment

With progenitor stellar mass selection criteria calculated, our next step is to select galaxies
likely to merge onto the BCG ‘seeds’ over time given their local environment. The sample selection
discussed in Section 4.4.1 identified progenitors, irrespective of environment, that are predicted
to relocate to the overdense regions where present day BCGs ultimately reside. Therefore we use
density maps of the COSMOS field to identify progenitors already in overdense regions (very likely
to merge into a BCG within a Hubble time) and underdense regions (less likely to merge into a
BCG).
We quantify local environment using density field maps of the COSMOS field produced using
the ‘weighted’ adaptive kernel smoothing approach of Darvish et al. (2015). The density field is
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evaluated in a series of overlapping redshift slices. Darvish et al. (2015) assign galaxies weights
that are proportional to the likelihood of a galaxy belonging to a redshift. They are estimated
by measuring what fraction of a galaxy’s redshift distribution is within a particular redshift slice.
Given these weights, the density field is then adaptively smoothed with a Gaussian kernel whose
‘global’ width is 0.5 Mpc. The adaptive widths are evaluated around this global width, depending
on how sparse or dense the local neighborhood of each galaxy is (see Darvish et al. 2015, for details).

4.4.5

Identification of AGN

We also quantify the contribution of the AGN emission to the IR regime of progenitor SEDs.
This step is important, as a dominant AGN could cause the SED fit solution to overestimate stellar
mass, and an IR-bright AGN could result in a fit with an overestimated SFR. We crossmatch
our sample with the Chandra X-ray observations of the COSMOS field (Elvis et al. 2009; Civano
et al. 2016; Marchesi et al. 2016; Lanzuisi et al. 2017) to identify X-ray bright AGN. We also use
the Spitzer IRAC photometry available for the COSMOS field to identify obscured AGN through
their mid-infrared (MIR) colors using the Donley et al. (2012) IRAC color criteria. Radio AGN
are identified by crossmatching our progenitor sample with the radio AGN identified in the VLACOSMOS 3 GHz Large Project (Delvecchio et al. 2017; Smolčić et al. 2017; Smolčić et al. 2008).
Our full progenitor and AGN sample selection totals and statistics are listed in Table 4.1.

4.5
4.5.1

SED Fitting
Software and Methodology

To determine the star formation rate and total stellar mass of each progenitor, we require a way
to reliably fit thousands of galaxy SEDs from rest-frame FUV to FIR. To do so, we choose the SED
fitting software MAGPHYS (da Cunha et al. 2008) with 50,000 stellar population models generated
from Bruzual & Charlot (2003) & 50,000 infrared dust models from da Cunha et al. (2008).
MAGPHYS fits the SED of each galaxy in two stages. First, it estimates the best fit stellar
model between 0.0912µm . λ . 10µm from the Bruzual & Charlot (2003) stellar population
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Table 4.1.

Illustris-Selected BCG Progenitor Sample Distribution

z

Total Sample

Photo-z

Spec-z

Total AGN

X-ray AGN

MIR AGN

Radio AGN

SED3FIT AGN†

0.5-0.8
0.8-1.1
1.1-1.5
1.5-2.0
2.0-2.5
2.5-3.0

26
180
216
401
347
274

2
74
156
371
308
254

24
106
60
30
41
20

2 (7.7%)
14 (7.8%)
8 (3.7%)
29 (7.2%)
32 (9.2%)
31 (11.3%)

1
12
4
22
15
10

1
6
4
15
24
26

2
0
1
1
1
0

0
5
3
12
9
8

Note. — Galaxies selected from the COSMOS2015 catalog using the stellar mass cut predicted via the median BCG progenitor
population in the Illustris simulation. † Total AGN fractions represent the fraction of the AGN population identified through
any method out of the total progenitor sample in that redshift bin. An AGN may satisfy multiple criteria, and are counted
in any classification count that they satisfy. ‡ Defined as AGN by a fractional residual > 0.4 at 7.9 µm (Spitzer IRAC4) after
fitting with a MAGPHYS two-component model (see Section 4.5).

models while taking into account dust obscuration. Once the optical component is fit, MAGPHYS
fits the infrared from 2.5–1000 µm while taking the total luminosity of obscured starlight found
during the optical fitting as a prior. FIR characteristics are calculated between 8–1000 µm. This
ensures energy balance between the energy absorbed and emitted by the dust component.
At time of writing, the public version of MAGPHYS does not include an AGN component. This
is an important consideration, as additional luminosity across the optical and near-infrared from an
AGN accretion disk and the dusty torus surrounding it may skew stellar mass estimates to higher
values. Additionally, any UV or IR emission may also cause SFRs to be overestimated. Therefore
to identify potential overestimations due to a lack of an AGN fitting component, we investigated
several goodness of fit metrics to identify which progenitors require an AGN component. We find
that a cutoff using a fractional difference of 0.4 between the MAGPHYS fit 7.9 µm (Spitzer IRAC4)
flux and the observed value worked most consistently to identify sources that require an AGN
component in the MIR (for further details, see Tyler et al. in prep.). This parameter measures
how poorly the stellar and dust models fit the slope of the mid-infrared, which could indicate
the requirement of a third (AGN) component. We find that ∼1% of our progenitor sample fits
have MAGPHYS fractional 7.9 µm residuals > 0.4, and we refit this subsample using the package
SED3FIT. By choosing to select and fit AGN components to only the galaxies that have poor IR
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fits without an AGN, we prevent the overfitting of our sample and the possible underestimation of
SFRs that an overestimation of AGN activity and frequency would induce.
SED3FIT (Berta et al. 2013) works similarly to MAGPHYS by fitting a series of optical models
first, and then using the optical results as a prior during the fitting of the IR component. SED3FIT,
however, includes AGN torus and accretion disk emission (Feltre et al. 2012) across both components while maintaining energy balance. For the infrared-bright AGN identified through their 8µm
residuals, we use the SFR and stellar mass estimates from SED3FIT instead of MAGPHYS in the
following results.

4.5.2

AGN Template Library

The original AGN template library included in the public SED3FIT distribution included 10
AGN templates from the (Feltre et al. 2012) AGN template library. These templates were selected
at extreme viewing angles, effectively probing archetypical Type-1 and Type-2 AGN. These models
assume either negligible or strong extinction with respect to line of sight. While satisfactory for
first order fits, the model of the obscuring torus surrounding the supermassive black hole in an
AGN has changed in recent years to a clumpy torus with regions of high and low obscuration at
high and low viewing angles (e.g., Krolik & Begelman 1988; Shi et al. 2006; Markowitz et al. 2014).
Therefore, we expand our AGN template library to include 240 models (Tyler et al. in prep.)
equally probing between 0° and 90°. Shown in Figure 4.3, this new library contains models that fit
AGN at intermediate obscurations and viewing angles.
In Figure 4.4, we plot the median SED of the progenitors found in three environments in six
redshift bins with 1σ confidence intervals (shaded regions). We classify each environment as dense



δ
δ
δ
δmedian > 2 , intergroup 1 < δmedian < 2 , or δmedian < 1 . In the top panel, we find that
progenitors in dense regions have SEDs similar to those in other environments at high redshift
(z > 1.1), but have ∼

1
5

the MIR emission (10–20µm) at z < 1.1 in comparison to progenitors at

lower density at low redshift. This indicates a divergence in evolution due to environment at low
redshift, where massive progenitors in high density environments undergo a more efficient removal
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Figure 4.3: Lef t: The original 10 Feltre et al. (2012) used in SED3FIT with viewing angles of 0 or
90°. Right: Our selection of 240 AGN torus+disk models from Feltre et al. (2012) equally sampling
viewing angle.
of their warm gas and dust supplies.

4.6

Results & Discussion

In the following, we use stellar parameters fit by MAGPHYS for our total sample of 1444 BCG
progenitors and use SED3FIT estimates for 37 galaxies due to their significant 7.9 µm residuals
in their MAGPHYS fits (hereafter referred to as SED3FIT AGN). The SED3FIT AGN fraction
is ∼ 1% in any redshift bin, with an overall AGN fraction found through X-ray, MIR, and radio
methods of ∼ 8% (Table 4.1). For comparison, previous Sunyaev-Zeldovich selected studies have
found X-ray cavities indicating past AGN activity in ∼7% of low redshift BCGs (Hlavacek-Larrondo
et al. 2015).

4.6.1

Star Formation and Stellar Mass Estimates

Our sample stellar mass predominantly ranges from 1011 – 1011.5 M

from 0.5 < z < 3 (Fig-

ure 4.5), motivated by the stellar mass selection function shown in Figure 4.2. Our sample below
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Figure 4.4: Median SEDs (solid lines) with 1σ confidence intervals (shaded regions) of massive
progenitors between 0.5 < z < 3 for dense regions (top), intergroup regions (middle), and field
δ
regions (bottom). Dense environments include densities above δmedian
> 2. Intergroup is defined as
δ
δ
1 < δmedian < 2. Field environments are densities δmedian < 1. Color coding corresponds to redshift
bins and is identical in all three subplots. We find that across all environments, FIR luminosity
decreases with decreasing redshift. However, MIR luminosity decreases with decreasing redshift
at a much higher rate in dense environments in comparison to intergroup or field starting in our
0.8 < z < 1.1 redshift bin. This may be due to either a lack of warm dust radiating in the MIR
or a lack of SFR illuminating the dust supply in progenitors residing in dense environments. The
latter is more likely as the SFR is also decreasing with decreasing redshift.
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z ∼ 0.8 is subject to small number statistics due to the low volume available in COSMOS at this
distance (∼ 4.4 × 106 Mpc3 ).
Shown in Figure 4.5, both SFR (averaged over 108 yr) and specific star formation rate (sSFR)
span three orders of magnitude from 0.5 < z < 3. Progenitors do not span this parameter space
equally, with a concentration of highly star forming progenitors with sSFR ∼ 10−9.25 yr−1 at z > 2,
that transition to a lower sSFR of 10−10.75 yr−1 at z < 2. This is partly driven by our stellar
mass selection function, which is limiting the stellar mass parameter space to higher stellar mass
progenitors at low redshift. Our observed relation in the bottom of Figure 4.5 is systematically an
order of magnitude below the sSFR - z correlation found for less massive (1010.5 ) galaxies found in
the COSMOS field (Davidzon et al. 2018), consistent with galactic ‘downsizing’ where less massive
galaxies continue to form stars while massive galaxies are quenching (Cowie et al. 1996; PerezGonzalez et al. 2008). This will yield descendants dominated by the old stellar populations, just
as observed in BCGs in the nearby universe (Loubser et al. 2009).

4.6.2

Evolution of Stellar Mass Growth

Our goal is to investigate what role in situ star formation plays in the total growth of stellar
mass in BCG progenitors. To do so, we need to compare the growth solely due to star formation
to a measurement of total stellar mass growth. We define our total growth rate to be the change in
median stellar mass between each redshift bin in units of M yr−1 . We then perform a polynomial
fit to these growth rates at each bin boundary and plot the result as the solid green line in Figure 4.6.
We determine the growth rate of each progenitor due to in situ star formation by taking the
SFRs from our SED fits and applying a reduction of 50%. This scale factor used by Brinchmann
et al. (2004) and van Dokkum et al. (2010) corrects for stellar mass loss over a Gyr timescale.
This correction to SFR produces a stellar mass growth measurement that considers the net growth
influenced by star formation and star destruction processes. Stellar mass loss occurs as the population of stars born during a star formation episode lose their massive members over time as they
age off the main sequence. The final in situ growth rate represents the total stellar mass per year
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Figure 4.5: Top: Stellar mass versus redshift of massive BCG progenitors between 0.5 < z < 3 fit
using MAGPHYS and SED3FIT. This plot includes all sources with stellar mass estimates above
the stellar mass selection cut described in § 4.4. Middle: Star formation rate versus redshift of
massive BCG progenitors between 0.5 < z < 3. Bottom: Specific star formation rate versus redshift
of massive BCG progenitors between 0.5 < z < 3.
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generated in a galaxy that will remain on multi-Gyr timescales. After we apply this correction, we

δ
> 2 and field environments
calculate the in situ growth rate for progenitors in dense δmedian

δ
and plot the mean stellar mass growth rates due to star formation for each sample
δmedian < 1
as red and blue lines, respectively, in Figure 4.6. δ is defined as the density at that location while
δmedian is the median density of the redshift slice.
Finally, we wish to understand how the stellar mass directly delivered via gas rich and gas poor
mergers compares to the above values. Therefore we integrate the stellar mass deposition rate (M
yr−1 ) from mergers of secondary galaxies with mass ratios of 1:1 to 1:10−5 of the progenitor’s stellar
mass in that redshift bin using the merger rates provided by the Illustris simulation (RodriguezGomez et al. 2017). This is plotted as the dashed grey line in Figure 4.6.
Following Hill et al. (2017), we plot the above values as dM/dt (M yr−1 ) versus redshift from
star formation, mergers, and all sources in Figure 4.6. From this comparison, we identify three
epochs of BCG progenitor growth.
The Star Formation Dominated Epoch (z > 2 .25 )
At z > 2.25, the in situ star formation estimated in progenitors in all environments is consistent
with the total growth rate of the median stellar mass of our sample. This consistency indicates
that progenitor growth is dominated by active star formation with contributions of direct stellar
mass and gas injections via gas-rich and gas-poor mergers. The total stellar mass growth rate
shown in Figure 4.6 (green line) is motivated by the stellar mass selection function that was used to
originally select our sample, however we may still conclude that the active star formation rates via
secular or wet merging processes are high enough to be the primary method of individual progenitor
growth. The stellar mass deposition rate from mergers with 100% efficiency is plotted as a grey
dash-dotted line. However, given simulation results of merger deposition efficiencies yield a range
of deposition efficiencies (30–80%; Conroy et al. 2007; Puchwein et al. 2010; Laporte et al. 2013;
Burke et al. 2015), so the effective stellar mass deposition rate may be much lower. Dry mergers
are unnecessary, but may still contribute to the highest mass cases.
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The Transitionary Epoch (1 .25 < z < 2 .25 )
Between 1.25 < z < 2.25, progenitors are forming their in situ stellar mass at a rate ∼60–
75% of the observed median total mass growth rate. In this era, progenitors are still forming their
mass predominantly through in situ star formation independent of environment, however additional
methods of stellar mass generation are required. It is during this time that the total stellar mass
delivered by mergers becomes important to BCG progenitor evolution, as the mass formed via SF
(red/blue lines in Figure 4.6) is insufficient to account for the observed total stellar mass growth
rate (green line in Figure 4.6).
The Dry Merger Epoch (z < 1 .25 )
Finally, at z < 1.25 the in situ star formation of BCG progenitors in dense environments
sharply declines with redshift, while massive field galaxies maintain star formation activity down
to lower redshifts. In our lowest redshift bin (z = 0.55), the limited area of the COSMOS field
introduces small number statistics. In this bin, we observe only one galaxy above our mass cut
in a field environment, compared to sixteen in dense environments. We see a general trend where
star formation is more than an order of magnitude insufficient to account for the total stellar mass
growth rate. This era requires ex situ mass delivery systems, specifically dry mergers, to be the
dominant growth mechanism.

4.6.3

The Onset of Quenching

We contextualize the diminishment of in situ star formation toward progenitor growth by examining how rest frame colors and morphological parameters such as the Sérsic index evolve with
redshift. Shown in Figure 4.7, we plot the rest-frame NUV-r and r-J colors (Ilbert et al. 2013) of
our progenitor sample in each of our six redshift bins with Sérsic index from the COSMOS Zurich
Morphological Catalog (Sargent et al. 2007; Scarlata et al. 2007) as the colorbar. We use the restframe absolute magnitudes provided by the COSMOS2015 catalog. Rest-frame magnitudes were
calculated using the observed nearest filter magnitude and a k-correction estimated from the SED
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Figure 4.6: The observed stellar mass growth rate for massive galaxy progenitors in dense regions
(red) and field regions (blue) compared to the median growth rate of our sample’s median stellar
masses (green). The galaxies selected in dense environments are those most likely to form the BCGs
we see today, while those in the field sample are candidates to merge into a BCG during cluster
mergers at later times. We overplot the stellar mass deposition rate of mergers in the Illustris
simulation (grey dash dotted) with a stellar mass capture efficiency of 100%. The hashed blue
region in our lowest redshift bin (0.5 < z < 0.8) indicates that only one progenitor was in a field
environment. We identify three epochs of stellar mass growth; a star-formation dominated phase
at z > 2.25, a phase between 1.25 < z < 2.25 where star formation is responsible for ∼50% of the
total stellar mass growth and gas rich and poor mergers are required to match the total (green),
and finally a dry merger dominated phase at z < 1.25 where star formation is insignificant to the
total stellar mass growth.
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fitting performed by Laigle et al. (2016). Our SFR estimates are consistent with their target’s NUVrJ classification, with the star-forming galaxy subpopulation hosting median SFRs ten times the
SFR of the quiescent population in our lowest redshift bin, and five times the SFR of the quiescent
population in our highest redshift bin. A caveat remains that this diagnostic may misclassify starforming galaxies as quiescent, and contaminate > 10% of quiescent selected galaxies (Ilbert et al.
2013). Therefore we compare the total number of galaxies classified as quiescent to the number of
quiescent galaxies above the star-forming main sequence, the correlation between star-formation
and stellar mass indicating the median star-forming activity for a galaxy of a given stellar mass
and redshift (e.g., Schreiber et al. 2015). We find that ∼3-5% of progenitors classified as quiescent
lie above the star-forming main sequence, potentially the misclassified star-forming galaxies found
in Ilbert et al. (2013). This contamination rate is low enough that the results shown in Figure 4.7
are not affected.
Sérsic indices were estimated using the HST/ACS F814W observations of the COSMOS field.
NUVrJ is more sensitive to recent star formation evolution than UVJ derived color measurements
(Martin et al. 2007; Davidzon et al. 2017), an important consideration in determining when a galaxy
has begun quenching. Position in this color space has also been shown to correlate with sSFR as
the galaxy’s star forming efficiency changes (Martin et al. 2007; Arnouts et al. 2013; Ilbert et al.
2015). We find that the stellar populations of our BCG progenitors transition to a quiescent state
between our 0.8 < z < 1.1 and 1.1 < z < 1.5 redshift bins, including those without morphological
classifications. This is consistent with our results from Figure 4.6, where in situ star formation
becomes a negligible contributor to a BCG’s evolution between 1.0 < z < 1.3. Co-temporal with
the transition to a quiescent stellar population, the morphology of the progenitor population also
changes. The median Sérsic index in each redshift bin (Figure 4.7) is constant within the scatter,
centered at hni ∼ 2.5. These median Sérsic indices are consistent with those found for S0 galaxies
in cluster environments (e.g., D’Onofrio et al. 2015), suggesting that galaxies in our progenitor
sample have hosted a composite bulge+disk structure since z ∼ 2.
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Figure 4.7: The evolution of the Illustris-selected BCG progenitor sample in rest-frame NUVrJ
space. Quiescent galaxies are selected by the top left quadrant indicated by the black lines. Targets
outside this region are considered star-forming. Gray points are used for progenitors identified with
a junk flag, used for spurious measurements or for targets too faint to fit a Sérsic index (IAB >22.5;
Sargent et al. 2007). The median Sérsic index of the overall population (bottom left of each panel)
is constant within errors across all redshift bins with more than one measured index. We find that
the majority of progenitors selected by Illustris are star forming until z ∼ 1.5, after which our
progenitor sample is predominantly resides in a quiescent colorspace.
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4.6.4

Visual Classification of Morphology

To provide context to the light profile evolution observed in Section 4.6.3, we classify the
morphological state of all progenitors imaged in the COSMOS field ACS mosaic (Koekemoer et al.
2007), totaling 1372 of our original sample of 1444. Progenitors not included are outside the
bounds of the ACS mosaic. The COSMOS ACS mosaic includes HST/ACS F814W broad band
filter observations with a final pixel scale of 0.03” per pixel and a 3σ surface brightness density
of mAB ∼ 25.1 mag arcsec−2 (Wen & Zheng 2016). This spatial resolution corresponds to 183
pc per pixel at z ∼ 0.5 and 231 pc per pixel at z ∼ 3. We also supplement this observation
set with any publicly available images from HST/WFC3 F105W, F110W, F125W, F140W, and
F160W. This subset of 381 targets are most useful in our high redshift bins as the peak of the
stellar continuum is redshifted into the WFC3 IR broad bands. The following results shown in this
work are consistent independent of the inclusion or exclusion of targets with WFC3 observations.
To ensure consistency of classification, we utilize the morphological classifications scheme and user
interface implemented by the CANDELS team (Kartaltepe et al. 2015a; Kocevski 2015) to classify
each galaxy’s morphology (spheroid, disk, irregular) as well as interaction class (merger, interaction,
non-interacting companion).
The user examines the HST image and labels the progenitor with as many flags as necessary
to classify it. Our sample was classified by three authors (Kevin C. Cooke, Jeyhan S. Kartaltepe,
K.D. Tyler), and two of three authors must agree on a designation to assign a galaxy to any of the
classification bins. For galaxies that lack the organized, symmetric morphology of a disk and/or
spheroid, the irregular flag is used. To provide context to the primary classification, interaction
classes are also used for the apparent stage of an interaction. The merger flag is used in highly
disturbed cases where the primary and secondary galaxies of the mergers are nearly indistinguishable. The interaction flag is used for disturbances such as tidal tails where the interacting galaxies
remain independently resolved. For more details on this classification scheme, see Kartaltepe et al.
(2015a). The distribution of morphologies for our BCG progenitor sample is shown in Figure 4.8.
Our sample is predominantly spheroidal at low redshift, with a growing fraction of unclassifiable
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Figure 4.8: The distribution of morphological types (spheroid, disk, irregular, unclassifiable) for
our sample of BCG progenitors. To be classified as spheroid, disk, irregular, or unclassifiable two
out of three classifiers must agree on the designation and each subsample may include members of
others if two labels are used by two classifiers.
progenitors toward high redshift, where the rest frame optical stellar continuum is redshifted out
of the observed band. For our highest redshift galaxies, their ACS images will probe the rest-frame
UV and galaxies with clumpy star formation may appear disturbed or unclassifiable. We see the
majority of progenitors are spheroidal, indicating that a significant fraction of our total progenitor
sample has already developed the spheroidal structure exhibited by present day BCGs. This appears to be consistent with recent work that identifies a population of massive spheroidals at high
redshift (e.g., Cassata et al. 2013).
To compare the environmental effects discussed in Sections 4.6.2–4.6.2, we plot the net classification, or ‘diskiness’ of progenitors in our three environment bins (Top half of Figure 4.9). Our
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diskiness parameter is defined by the averaging of disk flags (valued as +1) and spheroid flags
(valued as -1). For example, a target with two spheroid flags and one disk flag will have a diskiness
value of -0.33. Flags indicating disk or bulge dominated features are also included as values of +/0.5, respectively. These flags are used to refine the classification of a galaxy with multiple primary
flags and identify objects such as bulge dominated S0 galaxies. We find that low redshift progenitors have a decreasing likelihood of being labelled a disk with increasing local density. This trend
is muddled in our highest redshift bins, where we do not observe evidence for an environmental
dependence. Next, we plot the diskiness parameters of progenitors identified as star-forming and
quiescent through their NUVrJ colors (see Section 4.6.3) in the bottom half of Figure 4.9. We find
a clear offset of average net classification for these two subsamples, where quiescent galaxies are
more spheroidal on average than their star-forming counterparts below z ∼ 2.25.
We next consider how often progenitors are classified as an irregular with redshift, and how
this flag is used in combination with other flags such as disk or spheroid. We include example
HST/ACS F814W images of the possible irregular combinations in Figure 4.10. In Figure 4.11, we
plot the fraction of the total sample that has at least two irregular flags per target, identical to the
confident irregular subsample in Figure 4.9. This total irregular sample is divided into six redshift
bins with subsamples that include at least one spheroid, disk, or composite (spheroid+disk) flag.
As these are confident irregulars (2 or more irregular flags), we lower the threshold of additional
flags to one to examine how often other characteristics such as disks or spheroids are assigned to
this population. The frequency of irregulars in our sample declines with decreasing redshift. Also
with redshift, we see the irregular population transition from a diverse range of morphologies to an
irregular-spheroid and irregular-composite population toward present day. One result of interest is
the lowest redshift bin, in which disk components are identified in all the irregular candidates, a
rare feature (≤ 5%) in the total sample at z < 1.
Finally, we examine the distribution of interaction classifications (Figure 4.12). To classify
the state of interactions, we use flags to identify any ongoing ‘mergers‘ in which the structure of
both galaxies have been disturbed and combined. An ‘interaction’ flag is used when an interacting
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Figure 4.9: T op: The median diskiness parameter, described in Section 4.6.4, for our progenitor
sample binned by field, intergroup, and dense environments. We identify a morphological dependence on environment at low redshift. However, it is difficult to classify fainter, more dust-obscured
galaxies at high redshift. Bottom: The median diskiness parameter with redshift for progenitors
identified as quiescent (magenta) and star-forming (teal) using their NUVrJ colors. We find the
quiescent population evolves to a spheroid dominated population with time, while star forming
galaxies remain a combination of spheroid and disk. We caution that the ACS F814W images
predominantly used here will be dominated by the rest-frame UV past z > 1.
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Figure 4.10: Example irregular galaxies from the HST/ACS F814W broad band filter mosaic of
the COSMOS field, identified by their ID in the COSMOS2015 catalog and photometric redshift
(Laigle et al. 2016). Top Left: An irregular spheroid with a tail to the north-west of the nucleus.
Top Right: An irregular disk with a predominantly disk-like structure and a tidal tail to the west
of the disk, potentially indicating an ongoing merger. Bottom Left: A composite disk+spheroid
irregular, with two spiral arms to the south of a spheroid component. Bottom Right: A purely
irregular galaxy with an asymmetric appearance devoid of spheroidal core or spiral arms.
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Figure 4.11: The fraction of our visually classified progenitor sample which were labelled as
irregulars in combination with at least one additional flag. This includes ‘Only Irregular’ (pink),
‘Irregular+Disk’ (blue), ‘Irregular+Spheroid’ (red), or all three component (green) flags.
pair, identified using tidal features, are visibly distinct from one another. We note that these
classifications do not distinguish between major and minor merger pairs. We observe a slowly
decreasing interaction fraction with redshift (∼ 25 − 15%), with a roughly constant merger fraction
of 5% of the total sample. We find a 1σ poisson confidence interval of ±5% between 0.5 < z < 2.0
and ±3% between 2.0 < z < 3.0. Our results are consistent within errors of those calculated by
Man et al. (2016) for the general galaxy population, who find a total interaction frequency of ∼20%
at z ∼ 1 using a lower mass sample of pairs down to 1010.8 M . The lack of observed mergers in
our lowest redshift bin is consistent with a low-redshift, minor merger dominated model for BCG
growth (e.g., Edwards & Patton 2012). It is also consistent with the results from Duncan et al.
(2019), who found a merger fraction of < 10% for their massive subsample (1010.3 M ) in the
CANDELS fields. The lack of interactions in our highest redshift bin may be due to the difficulty
in visually identifying low surface brightness features present in interactions at z > 2. Overall this
slowly evolving fraction of interactions is consistent with a model with fewer mergers at later times.
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Figure 4.12: The fraction of our visually classified progenitor sample which included any interaction flags, using ‘Interaction’ (green), and ‘Merger’ (pink) flags. Mergers are differentiated from
interactions by the degree to which the observer can distinguish the two interacting galaxies from
each other.

4.6.5

Comparison to Literature

Several works on massive galaxy evolution and the comparison of progenitor selection methods
have been published in recent years (e.g., Zhao et al. 2016; Hill et al. 2017; Torrey et al. 2017),
with results consistent with ours. Hill et al. (2017) selected massive galaxy progenitors using the
number density evolution functions derived from the Bolshoi simulation (Klypin et al. 2011). Due
to the dark matter-only nature of the Bolshoi simulation, a comparison between our work and that
done by Hill et al. (2017) helps illustrate how stellar mass selection functions derived using different
combinations of dark and baryonic physics affect measured evolution.
Hill et al. (2017) used a lower stellar mass progenitor selection than ours. Since lower mass
galaxies build their stellar mass over longer timescale on average (mass downsizing; Cowie et al.
1996; Perez-Gonzalez et al. 2008), Hill et al. (2017)’s selection led to an in situ star formation
dominated phase which persisted to lower redshift than ours, until z ∼ 1.75. However, they found
a fast transition to a quenched state from z < 1.75 (Figure 1 of Hill et al. 2017). Dark matter-only
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simulations producing a lower mass selection function is hypothesized to be due to the lack of
baryonic physics feedback effects that limit the speed of stellar mass growth, enabling the inclusion
of faster evolving, lower mass progenitors.
The median stellar mass of our sample increases by a factor of ∼ 80% over 0.35 < z < 2.00, and
a factor of two when extrapolated to the present day from z = 2. This rate of BCG stellar mass
growth is slower than the factors of two from z = 1 shown in BCGs residing in clusters selected
from Spitzer observations (Lidman et al. 2012; Lin et al. 2013; Shankar et al. 2015). However,
our results are in rough agreement with Zhao et al. (2016), who found that BCG progenitors grow
by a factor of 2 from z ∼ 2 to present day. The Zhao et al. (2016) sample was selected using a
hydrid selection function which selected the most massive galaxies in the 38 most overdense regions
identified in the CANDELS UDS field. The Zhao et al. (2016) sample also exhibited dry merger
dominated growth at z < 1. Moreover, our work is consistent with additional works that indicate
a slow rate of growth at low redshift (e.g., Tonini et al. 2012; Hill et al. 2017), shown in BCGs
selected via the Maraston (2005) stellar population models or comoving number density cuts. Our
observation of a transition to a dry merger dominated epoch below z ∼ 1 is also consistent with the
Spitzer Wide-Area Infrared Extragalactic (SWIRE) Survey (Lonsdale et al. 2003) selected samples
of Webb et al. (2015b). However, above z ∼ 1, our sample includes progenitors with SFRs an order
of magnitude lower than Webb et al. (2015b). This is believed to be primarily due to the difference
in depth of the 24µm imaging in COSMOS versus SWIRE (71 µJy versus ∼150 µJy, respectively).

4.6.6

Comparison to the Millennium-II Simulation

As there is not yet a perfect cosmological simulation of the universe, it is worthwhile to examine
how choosing a different simulation may change our results. Dark matter-only simulations such as
MS-II and Bolshoi, for example, have a different merger tree history than Illustris, which changes
the rate ex situ stellar mass is accumulated. To test this, we retrieve the median cumulative number
density of progenitor halos from MS-II (Boylan-Kolchin et al. 2009). To identify BCG progenitors
simulated in MS-II, we identify the halo population inhabiting a comoving volume at the same
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density as observed low redshift BCGs (Davidzon et al. 2017). We then identify the most massive
progenitor halo corresponding to each descendant halo in ascending redshift slices to z ∼ 3 and
measure the cumulative comoving number density corresponding to the median most massive halo
in that redshift slice. This number density is used to select mock galaxies from Guo et al. (2013),
which represent the baryonic content of the MS-II BCG progenitor halos. The median Guo et al.
(2013) sample stellar mass is used as to select observed galaxies in COSMOS based on their stellar
mass (teal line in Figure 4.2).
We fit the SEDs of observed progenitors identified in the COSMOS2015 catalog selected using
the results of MS-II in the same manner as the Illustris-selected progenitors, as described in § 4.4.
Shown in Figure 4.13, the in situ growth of massive galaxy progenitors due to star formation is
at least half of the total growth until z ∼ 1.5, lower than our findings using Illustris-selected
progenitors. However, the total growth rate track has a much higher normalization than Illustris,
indicating a later, faster growth history in MS-II. To be physically consistent between SFR and total
growth in MS-II selected progenitors, a much richer merger history is required to deliver mass onto
the simulated BCG seeds in addition to their intrinsic star formation. These differences between
Illustris and MS-II may have several causes. One is the difference in feedback physics between the
MS-II (Guo et al. 2013) semi-analytical models assigned to their halos and the baryonic physics in
Illustris. A less efficient feedback process in MS-II would prevent the slow- or shut-down of highly
star forming progenitors. This faster evolution produces a mass selection function with a larger
slope, including galaxies with correspondingly lower SFRs.

4.6.7

Comparison to Constant Density Method

We also compare our results to the constant cumulative number density selection method (van
Dokkum et al. 2010). Following the constant number density selection function plotted in Figure 4.2, only the most massive progenitors are selected. As discussed in Section 4.4, a constant
number density selection only selects progenitors that inhabit the universe at an equal density, an
assumption that the number of galaxies in the universe is constant. As this ignores the effect of
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Figure 4.13: The observed stellar mass growth rate for MS-II selected massive galaxy progenitors
in dense regions (BCG progenitors; red), and field regions (blue), and the median growth rate of
our sample’s stellar mass (green).
mergers, the median progenitor mass is not pulled down by the lower mass secondaries. We use
the same fits described in Section 4.4 to estimate the average stellar mass accretion via in situ star
formation in comparison with the evolution of the median stellar mass of the progenitor sample in
Figure 4.14. We find that the combination of slow predicted stellar mass evolution and selection
of very massive galaxies that are likely to be star forming result in a model where star formation
is dominant until z < 1, after which gas poor mergers are necessary.

4.7

Summary & Conclusions

We examine the in situ star formation and ex situ stellar deposition components of the total
stellar mass growth of progenitors for the present day’s brightest cluster galaxy population. By using
FUV-FIR photometric data in the COSMOS field, we fit the spectral energy distributions for several
samples of BCG progenitors and determine their SFR, sSFR, and stellar mass. Once corrected for
stellar mass loss, we identify multiple epochs of BCG evolution based on the prominence, or lack
thereof, of in situ star formation toward stellar growth. Our estimates of in situ star formation
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Figure 4.14: The observed stellar mass growth rate for massive galaxy progenitors selected by
constant number density in dense regions, i.e., BCG progenitors, (red), and field regions (blue),
and the median growth rate of our sample’s stellar mass (green).
include episodes fueled by a progenitor’s own gas supply as well as those triggered by gas rich
mergers. Total stellar mass growth also includes the direct contribution of stellar mass by dry
mergers. These behaviors are then compared to local environment to test for the presence of any
dependence. Our results are as follows:
• BCG progenitor growth is dominated by in situ star formation, either secular or merger
driven, until approximately z ∼ 2.25, after which galaxy mergers (gas rich and gas poor)
contribute increasing fractions of ex situ stellar mass growth with time until z ∼ 1.25. After
this time, dry mergers become the dominant growth mechanism.
• Any dependence on local environment at z > 1 is indistinguishable within our errors. The
SFR-local density correlation observed today is observed in our z ∼ 0.8 bin, however volume
effects limit our ability to measure this effect at lower redshifts. We also find that spheroidal

δ
progenitors become more common in dense environments δmedian
> 2 than field environ
δ
ments δmedian
< 1 , which most often host spheroid+disk composites.
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• The era of quenching, either through merger or AGN activity, is encountered by most progenitors by z ∼ 1.00 − 1.25. This era is characterized by a shut down of in situ star formation
and the transition from a disk+spheroid morphology to an overall spheroidal type.
• Across all redshifts, progenitors requiring an AGN fitting component represent a small fraction
(∼ 1%) of the total progenitor population. SED3FIT AGN are most often observed at z > 1.5,
with 29/37 of our SED3FIT AGN sample observed at high redshift.
• Our progenitor sample consists of spheroid+disk composites until z ∼ 1.3, after which we
identify an environmental dependence on morphology. Progenitors in dense environments
are labelled with a more spheroidal net classification as redshift decreases. This is primarily
driven by the change in diskiness of the quiescent population in dense regions. Progenitors in

δ
< 2 retain their composite structure. The few galaxies in field
intergroup regions 1 < δmedian
environments that meet our stellar mass cut increase in diskiness. Mergers and interactions
are no more common than the general population (< 25%), with irregular galaxies exhibiting
a greater range of morphological classifications with higher redshift.
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5

THE EVOLVING ROLE OF ENVIRONMENT ON THE STAR
FORMATION RATE – STELLAR MASS RELATION IN THE
COSMOS FIELD FROM 0 < z < 3.5

5.1

Abstract

We investigate the role of environment on the star formation rate – stellar mass relation of starforming galaxies (commonly referred to as the ‘star formation main sequence’) in the COSMOS
field from 0 < z < 3.5 using a stellar mass complete sample from the COSMOS2015 catalog.
For this sample of 120,069 galaxies, we constructed and fit their FUV–FIR SEDs with stellar and
dust emission models using the public packages MAGPHYS and SED3FIT. From these SED fits and
their stellar parameter estimates, we construct the star formation rate – stellar mass relation as
a function of redshift, local environment, and NUVrJ color diagnostics. We find that the relation
exhibits an environmental dependence from 0 < z < 1, and all environments host indistinguishable
relations from 1 < z < 3.5. This environmental dependence is likely due to the quenching of star
formation in blue, star forming, galaxies which have on average lower star formation rate in dense
environments versus the field, and may also depend on bulge growth. These findings are consistent
with previous results at low redshift, and indicate new support for the lack of environmental effects
at high redshift.
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5.2

Introduction

Extragalactic astrophysics serves the overarching goal of understanding how the present day’s
population of galaxies came to be. Toward this goal, many surveys have been undertaken to measure
the star formation rate and stellar masses of galaxies over large swaths of cosmic time. What was
found was a low dispersion correlation between star formation rate (SFR) and stellar mass (M∗ ) for
star-forming galaxies, known by many names such as: the star formation main sequence, the starforming main sequence, the galaxy main sequence, and the star formation – stellar mass correlation
(Brinchmann et al. 2004; Daddi et al. 2007; Noeske et al. 2007a). Due to its wide use, we will refer
to this trend as the star formation main sequence (SFMS).
The SFMS is a relation that indicates that a galaxy of a given mass is most likely to have
a given SFR, with galaxies of higher stellar mass experiencing correspondingly higher SFRs. An
incredible amount of information is encoded in this relation. First, it indicates that the overall
galaxy population spends a significant amount of time forming stars at a roughly steady state.
Another recent observation is a turnover at the high mass end of the main sequence, where the
efficiency of star formation per unit stellar mass (specific star formation rate; sSFR) decreases
substantially after a galaxy has accreted a significant stellar population (1010 M ) (Whitaker et al.
2012, 2014; Lee et al. 2015; Tomczak et al. 2016; Lee et al. 2018). Galaxies with SFRs significantly
above the SFMS (∼ 3× SFMS) are often classified as ‘starbursts’, with intense star formation
triggered through secular processes and/or mergers (e.g., Kartaltepe et al. 2012; Hung et al. 2013;
Willett et al. 2015). Galaxies below the SFMS predominantly lie in a cloud of ‘passive galaxies’
offset to lower SFRs (∼ 13 × SFMS). Between the SFMS and the quiescent population, in a region
dubbed the ‘green valley’, lie an intermediate group of galaxies experiencing a lull or outright
quenching in their star formation.
The frontier of understanding the SFMS and galaxy evolution as a whole lies at high redshift
(z > 1). Current understanding of the SFMS includes a rising normalization with redshift (Noeske
et al. 2007a; Whitaker et al. 2012; Rodighiero et al. 2014; Lee et al. 2015), reaching cosmic noon
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(z ∼ 2; Madau & Dickinson 2014). This rising normalization is consistent with the rising gas
masses of galaxies in the early universe across several decades in stellar mass (Magdis et al. 2012;
Genzel et al. 2015; Schinnerer et al. 2016; Scoville et al. 2016). The shape of the SFMS is roughly
consistent with low redshift samples, however with less confidence at the low mass end. Our
understanding weakens when considering subpopulations such as those in specific environments or
higher redshifts, z > 3 (Steinhardt et al. 2014; Schreiber et al. 2015; Lee et al. 2018).
At low redshift, the SFMS is shown to depend on local environment. Regions of environmental
overdensity, such as galaxy groups and clusters, have been observed to host more galaxies with
SFRs that lie below the main sequence (e.g., Lin et al. 2014; Erfanianfar et al. 2015) and more
elliptical morphologies than field environments (Dressler 1980). This behavior becomes uncertain
at high redshift. Meanwhile, galaxies in field environments inhabit the SFMS locus or above it (e.g.,
Wang et al. 2018). This environmental dependence is thought to be due to the removal of cold
gas in satellite galaxies after interacting with the warm intra-cluster medium of the host cluster
(Gunn & Gott 1972). Recent work has continued to complicate this picture. An inversion of the
relation between SFR and local density was observed only in sSFR space instead of purely SFR
space (Cooper et al. 2007) and also not detected at all (Feruglio et al. 2010; Koyama et al. 2013;
Erfanianfar et al. 2015; Hatfield & Jarvis 2017).
We seek to investigate the role of environment on the SFMS in the COSMOS field, and to
identify which galaxy populations experience any environmental effects. We separate star-forming
and quiescent galaxies using NUVrJ colors (Ilbert et al. 2013) and a sSFR cut, and identify local
environments using the weighted adaptive kernel smoothed maps of the COSMOS field (Darvish
et al. 2015). In §5.3 we describe our sample selection and the photometric and spectroscopic data
set we use in the SED fitting packages described in §5.4. Our star formation – stellar mass relations
are described in §5.5 and we consider their implications in §5.6. Finally, we review our findings in
§5.7. This work assumes a Chabrier (2003) initial mass function (IMF) and the standard cold dark
matter (ΛCDM) cosmological parameters of H0 = 70 Mpc−1 km s−1 , ΩM = 0.3, and Ωvac = 0.7.
All magnitudes are expressed in the AB magnitude system (Oke 1974).
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5.3

COSMOS Sample and Multiwavelength Data

Our sample and photometric data originates from public observations of the COSMOS field
(Scoville et al. 2007). COSMOS is the largest contiguous area (2 sq. deg.) observed with the Hubble
Space Telescope (HST), located at R.A. (J2000) = 10:00:28.600, Dec. (J2000) = +02:12:21.00. We
use the far-ultraviolet (FUV) to far-infrared (FIR) data included in the COSMOS2015 catalog
(Laigle et al. 2016) to construct spectral energy distributions (SEDs) and estimate galaxy stellar
parameters. We review the photometric data sources and properties below; for greater detail, see
Laigle et al. (2016). We apply galactic foreground corrections to photometry from the FUV-IRAC4
bands using a galactic reddening of Rv = 3.1 (Morrissey et al. 2007) and E(B−V ) values from the
dust maps of Schlegel et al. (1998).

5.3.1

Photometric and Spectroscopic Redshifts

Redshift quality plays a great importance in the constraining of stellar models for galaxies at
all redshifts. After identifying our sample described in §5.3, we search the COSMOS spectroscopic
catalog (Salvato et al., in prep) for matches within 100 of the COSMOS2015 RA and Dec. positions.
Prior to SED fitting, we replace the photometric redshifts provided in the COSMOS2015 catalog
with the matched spectroscopic redshifts from the following surveys and observation campaigns:
3D-HST Survey (Brammer et al. 2012; Momcheva et al. 2016), DEIMOS 10K Spectroscopic Survey (Hasinger et al. 2018), 2dF Galaxy Redshift Survey (Colless et al. 2001), FMOS-COSMOS
Survey (Kartaltepe et al. 2015a; Silverman et al. 2015), the Gemini GMOS-S spectra of Balogh
et al. (2011), COSMOS Active Galactic Nucleus Spectroscopic Survey (Trump et al. 2007, 2009),
the KMOS3D Survey (Wisnioski et al. 2015), the AzTEC Millimeter Survey of the COSMOS Field
(Scott et al. 2008), the 14th Data Release of the Sloan Digital Sky Survey (SDSS; Pâris et al. 2018),
the VLT LEGA-C Spectroscopic Survey (van der Wel et al. 2016), the ZFIRE KECK/MOSFIRE
Spectroscopic Survey (Nanayakkara et al. 2016), the MOSFIRE Deep Evolution Field (MOSDEF)
Survey (Kriek et al. 2015), the Keck LRIS spectra of Casey et al. (2017), MOIRCS Deep Survey
(Yoshikawa et al. 2010), the MMT/Hectoscec spectra of Trump et al. (2009), the Complete Cali117
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bration of the Color-Redshift Relation (C3R2) Survey (Masters et al. 2017), the Subaru FOCAS
observations of Trump et al. (2011), the Keck MOSFIRE spectra of Trakhtenbrot et al. (2016),
SCUBA-2 spectroscopic redshifts of Casey et al. (2013), the Keck DEIMOS spectra of Kartaltepe
et al. (2010), Capak et al. (2011), and Mobasher (2016), the SINFONI spectra of Perna et al. (2015),
the zCOSMOS Survey (Lilly et al. 2007), VIMOS Ultra-Deep Survey (Le Fèvre et al. 2015), the
HST/WFC3 grism spectra of Krogager et al. (2014), and the Spitzer Infrared Spectrograph spectra
of Fu et al. (2010). We include a total of 1971 spectroscopic redshifts, resulting in a spectroscopic
redshift fraction of ∼1.5% of our entire sample.

5.3.2

Sample Selection

In order to ensure completeness across the full redshift range examined here, we use the total
stellar mass completeness limits from Laigle et al. (2016). We show our total sample in Fig. 5.1
with the stellar mass completeness limit of COSMOS2015. This stellar mass limit was determined
using the UltraVISTA DR-2 survey (McCracken et al. 2012) depths for the entire COSMOS field.
To maintain sample completeness across the entire COSMOS field, we chose to use the shallower
depth of UltraVISTA DR-2 rather than the depth of the UltraVISTA ultra-deep strips of the center
of the COSMOS field. This final sample includes 120,069 galaxies from 0.0 < z < 3.5 to probe
both sides of the global star formation density peak of the universe (Madau & Dickinson 2014).
Galaxies are only selected by stellar mass, and no consideration was given to known SFRs, colors,
or active galactic nucleus (AGN) activity.

5.3.3

FUV-NIR Photometry

To accurately model the emission from ongoing star formation, we include PSF-fit photometric
magnitudes from the far-UV (FUV) and near-UV (NUV) bands of the Galaxy Evolution Explorer
(GALEX ; Martin et al. 2005), observed down to a limiting magnitude of mAB ∼ 26. For details
on the original data reduction and PSF-fitting, see Zamojski et al. (2007)
We also include Canada–France–Hawaii Telescope (CFHT) MegaPrime (Aune et al. 2003;
Boulade et al. 2003) u∗ observations. CFHT u-band observations reach a depth of mAB ∼ 26.4
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Figure 5.1: Stellar mass – redshift distribution of our sample selected from the COSMOS2015
catalog (Laigle et al. 2016), as selected by the 90% stellar mass completeness limit (dashed line).
Contours correspond to 20 equally populated bins.
with a seeing of 0.900 (Capak et al. 2007).
Across the optical continuum, we include Subaru/Suprime-Cam observations from five broad
filters (B, V, R, i+, z + +) and 11 medium filters (IA427, IA464, IA484, IA505, IA527, IA574,
IA624, IA679, IA738, IA767, and IA827), with a 3σ depth of at least mAB ∼ 25.2. The maximum
PSF FWHM of this filter selection is 1.8900 (Taniguchi et al. 2007, 2015).
For the near-infrared (NIR) emission sampling the old stellar population, we use Vista/VIRCAM
(Sutherland et al. 2015) J, H, and K-band observations from the UltraVISTA-DR2 survey (McCracken et al. 2012). The UltraVIST survey observed J, H, and K bands down to mAB = 24.7,
24.3, and 24.0, respectively.

5.3.4

Spitzer Observations

Near- to mid-infrared (MIR) observations of the COSMOS field were taken by the SPLASH
(Steinhardt et al. 2014) and S-COSMOS surveys (Sanders et al. 2007) using the Spitzer Space
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Telescope (Spitzer ; Werner et al. 2004)
We include photometry from Spitzer ’s Infrared Array Camera (IRAC)’s 3.6, 4.5, 5.7, and 7.9
µm bands (for more information, see Fazio et al. 2004), which have PSF widths of 1.00 6, 1.00 6, 1.00 8,
and 1.00 9 respectively, and are sensitive down to a 3σ depth of mAB of 25.5, 25.5, 23.0, and 22.9,
respectively. To bridge the NIR to the FIR and constrain the MIR continuum and polycyclic
aromatic hydrocarbon (PAH) features, we include 24 µm emission observations that were observed
down to a 5σ depth of 71 µJy.

5.3.5

Herschel Observations

The most important wavelength regime in the estimation of star formation in the gas rich
early universe is the FIR. The COSMOS field was imaged using the Herschel Space Observatory
(Herschel ; Pilbratt et al. 2010) Photoconductor Array Camera and Spectrometer (PACS; Poglitsch
et al. 2010) 100 and 160 µm bands and the Spectral and Photometric Imaging Receiver (SPIRE;
Griffin et al. 2010) using its 250 µm, 350 µm, and 500 µm bands. These observations were performed
as part of the PACS Evolutionary Probe (PEP: Lutz et al. 2011) that observed down to a 3σ depth
of 5 and 10.2 mJy for 100 and 160 µm bands, respectively. In addition to PEP, COSMOS was
observed as part of the Herschel Multi-tiered Extragalactic Survey (HerMES: Oliver et al. 2012)
using SPIRE 250 µm, 350 µm, and 500µm bands down to a 3σ depth of 8.1, 10.7 mJy, 15.4 mJy,
respectively.
Unlike the resolved observations in the optical, the FIR observations from Herschel are subject
to blending due to the wide beam width (18.100 at 250 µm, 24.900 at 350 µm, 36.600 at 500 µm).
Lee et al. (2010) deblended the sources observed in PEP and HerMES in order of ascending filter
FWHM, beginning with Spitzer IRAC observations as priors. Blending is worst in the SPIRE FIR
bands, as they have the widest FWHM of our entire photometric data set. We filter blended targets
using the Elbaz et al. (2011) clean index to ensure that the only confident deblended measurements
are included. These criteria require no neighbors of comparable (SN eighbor /ST arget > 0.5) flux
within 1.1× the FWHM in 100, 160, 250, 350, and 500 µm. Only 321 targets have confident,
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non-blended 500 µm photometry and our results are consistent within errors when the 500 µm
observations are included or excluded.

5.4
5.4.1

Methods
SED Fitting

We estimate the stellar properties of our sample using two SED fitting packages, MAGPHYS (da
Cunha et al. 2008) and SED3FIT (Berta et al. 2013). MAGPHYS takes photometric measurements and
errors from 912 Å . λ . 1 mm, as well as redshift, and fits to a library of 50,000 stellar population
models (Bruzual & Charlot 2003) and 50,000 dust models (da Cunha et al. 2008) in a self consistent
manner. MAGPHYS considers the energy radiated from the final stellar model that has been absorbed
by the dusty component of the target galaxy and uses this as a prior during the infrared fitting
(8–1000 µm), ensuring energy balance between the two components.
As the public version of MAGPHYS does not include an AGN component, we use the AGNcapable counterpart SED3FIT to supplement the results produced by MAGPHYS. This is necessary
for dominant AGN cases, where the strong UV and/or MIR emission from the accretion disk and
obscuring torus can cause misestimation of SFRs and stellar masses. From our original massselected sample described in §5.3, we identify AGN candidates for refitting with SED3FIT using
the 8µm residuals of the original MAGPHYS fit. If the observed 8 µm emission is greater than 0.4×
the modeled 8 µm emission, then the MIR is considered poorly constrained and we need an AGN
component (Tyler et al. in prep.). This cutoff is chosen to identify galaxies with poorly fit infrared
SED slopes and misestimated SFRs and stellar masses due to a potential AGN component. In the
same manner as MAGPHYS, SED3FIT (Berta et al. 2013) first fits a stellar component and uses this
fit as a prior to the infrared component. However the difference lies in the simultaneous fitting of
an AGN model during these steps using the AGN torus and accretion disk models of Feltre et al.
(2012). Energy balance is considered between the stellar, and AGN components when fitting the
dust emission. For more details on this procedure, and the AGN templates, see Tyler et al. in
prep. and Cooke et al. (2019).
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5.4.2

Quantifying Local Environment

We quantify the local environment for each galaxy using the weighted adaptive kernel smoothed
maps of the COSMOS field (Darvish et al. 2015). The density field is calculated in overlapping
redshift slices. Each galaxy within a slice is assigned a weight proportional to the likelihood of the
redshift estimate lying within the slice. With these weights as a prior, Darvish et al. (2015) smooth
the density field using a Gaussian kernel with a ‘global’ width of 0.5 Mpc. Depending on how
sparse or dense the center of the kernel is originally estimated, the width of the kernel is adapted
around this global width. For further details on this method, see Darvish et al. (2015).

5.5
5.5.1

Results
SED Fit Stellar Parameters

After we fit the SEDs of all galaxies selected in §5.3.2, we reselect all galaxies with MAGPHYS/SED3FIT stellar mass estimates that remain above the COSMOS2015 stellar mass completion limits from Laigle et al. (2016). Shown in Figure 5.2 are the distributions of our final SFR and
stellar mass estimates in eight redshift bins from 0 < z < 3.5, using the same redshift bin definitions
as Laigle et al. (2016) including our estimation of the SFMS function. To calculate SFMS functions,
we select the star–forming population using NUVrJ color-color criteria (Ilbert et al. 2013) and a
sSFR cut of > 10−11 yr−1 (Ilbert et al. 2010; Domı́nguez Sánchez et al. 2011) and fit to a broken
power law using the functional form of Lee et al. (2015),

log10 (SF R) = S0 − log10 1 +



M
M0

−γ 
,

(5.1)

where S0 represents the highest estimated SFR in the sample, M0 is the turnover mass for the
broken power law, and γ is the power law slope at low stellar masses. We weigh each galaxy
by the square root of the star formation rate over the error in the SFR estimate. This practice
minimizes the effect of outliers which may have extremely high SFR estimates or poorly defined
SFR estimate probability distribution functions (PDFs). The lack of massive, quenched galaxies
between 0 < z < 0.6 is a cosmological effect due to the limited volume of COSMOS at low redshifts
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Figure 5.2: Contour density plot of each redshift bin of our total sample using 20 equally spaced
contour levels. The solid orange line corresponds to the broken power law fit (described in Equation 5.1) to the star–forming population in each redshift selected using NUVrJ color-color criteria
and sSFR cut of > 10−11 yr−1 . We plot the SFMS trends observed by Whitaker et al. (2014),
measured from 0.5 < z < 2.5 as a fuchsia dashed line, Speagle et al. (2014) as a solid black line,
Lee et al. (2015) as a dotted green line, and Schreiber et al. (2015), renormalized to a Chabrier
(2003) IMF, as a grey dot-dashed line. The stellar mass completeness limit for each redshift bin is
plotted with a vertical dashed line in orange.
(2.26 × 106 Mpc3 in COSMOS below z < 0.6). Between 0.6 < z < 1.3, we find a subpopulation
of galaxies with SFRs an order of magnitude below their predicted main sequence value. This
corresponds to a growing quiescent population of intermediate to high mass galaxies no longer
actively forming stars, potentially due to exhausting their gas supplies or negative feedback from
an AGN (e.g., Di Matteo et al. 2005; Leslie et al. 2016). At high redshift (z > 1.3), we find
that the quiescent subpopulation observed at low to intermediate redshift is no longer present,
but is replaced by a star-forming population with SFRs between 102 – 103 M

yr−1 . We discuss

comparisons with literature SFMS functions in Section 5.6.

5.5.2

Star Formation – Stellar Mass Relation

In Figure 5.3, we display the star–forming galaxy sample used to estimate the SFMS at each
redshift. As observed in previous SFMS studies out to z ∼ 2.5 (Whitaker et al. 2012, 2014; Lee et al.
2015), the normalization of the SFMS increases with increasing redshift. We also find an expected
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Figure 5.3: The star formation – stellar mass relation for all star–forming galaxies used when
calculating our SFMS function fits. Star–forming galaxies are classified via NUVrJ colors and a
sSFR cut of > 10−11 yr−1 , and are taken above the mass completeness limit of the COSMOS2015
catalog from 0 < z < 3.5, plotted with a vertical dashed line in orange. Each solid line corresponds
to the broken power law fit (described in Equation 5.1) to the star–forming sample displayed via
contours that indicate the extent of the 95th confidence interval in SFR for the star-forming sample.
We include the SFMS trends observed by Whitaker et al. (2014), measured between 0.5 < z < 2.5,
as a fuchsia dashed line, Speagle et al. (2014) as a solid black line, Lee et al. (2015) as a dotted
green line, and Schreiber et al. (2015), renormalized to a Chabrier (2003) IMF, as a grey dot-dashed
line.
flattening of SFR growth with stellar mass above 1010 M

for z < 1.3. This behavior has been

previously observed in the literature (Speagle et al. 2014; Whitaker et al. 2014), and specifically
in the COSMOS field (Lee et al. 2015). The higher dispersion in SFR at z > 1.3 leads to a more
linear relation. The slope of the SFMS is a measurement with significant scatter in the literature,
with slopes ranging between 0.5 – 1. This high variation is present regardless of whether the parent
sample was chosen via UV, optical, or IR characteristics (Speagle et al. 2014). We plot the slope
of our sample as a function of redshift for all star-forming galaxies with stellar masses above (> 10
M ) and below (< 10 M ) the turnover mass, calculated using first order least squares polynomial
fit. We find that the slope of the high mass end is ∼half the slope of the low mass sample for
z < 1. This behavior no longer appears at z > 1, as the high mass slope gradually rises from 0.4 to
0.8 from present day to z ∼ 3 and the errors for the low mass slope sample increases substantially
by z ∼ 2 as our stellar mass cut limits the population of the low mass sample. This rising slope
toward higher redshifts, and a convergence to toward a linear relation at high redshift, have both
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Table 5.1.
z
0.0–0.3
0.3–0.6
0.6–0.9
0.9–1.3
1.3–1.7
1.7–2.2
2.2–2.7
2.7–3.5

SFMS Best Fit Function Parameters
S0
0.57
0.88
1.22
7.27
8.19
8.26
8.46
9.33

M0

γ

10.37
10.50
10.77
23.24
27.92
24.88
24.53
23.05

0.83
0.84
0.77
0.49
0.41
0.49
0.52
0.63

Note. — Best fit function parameters from Eq. 5.1 to the star–forming sample in each of our redshift bins. S0
represents the highest estimated SFR in the sample, M0 is the turnover mass for the broken power law, and γ is the
power law slope at low stellar masses. At z > 0.9, the broken power law reverts to a single power law with a S0 and
M0 fit to arbitrarily high values.

been previous observed in the COSMOS and CANDELS fields (e.g., Whitaker et al. 2014; Pearson
et al. 2018).
We use the density field maps of the COSMOS field produced by weighted adaptive kernel
smoothing method of Darvish et al. (2015) to quantify the local environment surrounding each
galaxy with respect to the mean density at that redshift. We consider galaxies residing in regions
below the mean density (δ < δM ean ; field regions), between mean density and twice the mean
density (δM ean < δ < 2δM ean ; intergroup regions), and regions with any density greater than twice
the mean density (δ > 2δM ean ; dense regions). Dense environments are confidently recoverable in
the maps below z ∼ 2.5, where photo-z errors are ∼0.01 (Darvish et al. 2014). Maps at z > 2.5
recover large scale features, with photo-z errors on order ∼ 0.10 (10s of Mpc), however the intergroup
classification will not reliably detect filamentary structures.
In Fig. 5.5 and Fig. 5.6 we compare the behavior of our global SFMS estimate to the trends
found in the same three different environment bins described above. Fig. 5.5 shows only the
SFR of star-forming galaxies in each environment while Fig. 5.6 shows the median SFR of the
total environmental subsample, star–forming and quiescent. For the star–forming sample shown in
Fig. 5.5, no difference in median SFR is observed at any redshift or stellar mass bin. Star–forming
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Figure 5.4: The slope of the star formation – stellar mass relation for all star–forming galaxies,
calculated using a first order least squares polynomial fit for galaxies above and below the turnover
of the relation (1010 M ), weighted by the square root of their star formation rate estimate signalto-noise. Uncertainty of the fits are plotted as shaded regions. We find that at z < 1, the slope of
the low mass end is 2-3 times higher than that of the high mass end. At z > 1, the slopes of the
two subsamples appear to converge at higher slope values until we no longer have a representative
sample of the low mass population.
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Figure 5.5: Our SFMS fit compared to the median star formation rate per stellar mass of star–
forming galaxies in field (δ < δM ean , blue), intergroup (δM ean < δ < 2 × δM ean , green), and dense
(δ > 2 × δM ean , red) local environments. We find that star–forming galaxies in all environments are
consistent within errors with our global SFMS and do not exhibit any environmental dependence
with local environment at any stellar mass examined by our sample. The stellar mass completeness
limit for each redshift bin is plotted with a vertical dashed line in black.
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Figure 5.6: Our SFMS fit compared to the median star formation rate per stellar mass of all
galaxies (quiescent + star–forming) in field (δ < δM ean , blue), intergroup (δM ean < δ < 2 × δM ean ,
green), and dense (δ > 2 × δM ean , red) local environments. We find that the suppression of median
SFR in the combined quiescent+starforming galaxy population at high masses strengthens with
declining redshift across all environments, however is most effective in dense environments at z < 1.
The median star formation rates exhibited in all three environments are consistent within errors
above z ∼ 0.9. The stellar mass completeness limit for each redshift bin is plotted with a vertical
dashed line in black.
galaxies are forming stars in a self-similar manner independent of the local galaxy density. The
total sample shown in Fig. 5.6 provides a different result, where we find that the overall relation
between median SFR and stellar mass in field, intergroup, and dense regions are consistent within
errors from 1.3 < z < 3.5 in all stellar mass bins. However, at z < 0.9, we observe an offset
between the SFRs of massive (1010 M ) galaxies in dense environments with respect to field and
intergroup regions. This difference between Fig. 5.5 and Fig. 5.6 provides evidence that galaxies
not classified as star–forming by our color and sSFR cut are experiencing a decline in star formation
with decreasing redshift stronger with increasing local galaxy density.
With environmental effects limited to the z < 1 universe, the next question to investigate is
which galaxies are driving the median SFR to lower values in dense environments. Therefore,
we examine the rest-frame colors of galaxies in each of our environmental subsamples in identical
redshift bins to determine how their stellar populations change over time. First, in Fig 5.7, we
classify each galaxy as quiescent or star-forming using rest frame k-corrected NUV-r and r-J colors
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in the COSMOS2015 catalog (Laigle et al. 2016), but do not apply the sSFR cut used in our SFMS
estimation. This is to investigate how each star–forming selection criterion affects its sample. We
chose these color criteria to be sensitive to the immediate shutdown of star formation (Ilbert et al.
2013). By using a NUV-sensitive color classification, we probe the distinction between galaxies
hosting O- and B-type stars, and those dominated by lower mass stellar types. The result is that
galaxy colors transition to the quiescent parameter space faster than purely optical classification
methods (Davidzon et al. 2017), which may classify galaxies dominated by A-type stellar emission
as star-forming even when the star formation episode has stopped and the most massive stars born
during the latest episode have already died. We list the number of objects classified as either
star-forming or quiescent in Table 5.2 for both the total sample and those we fit with SED3FIT.
We find no significant difference between the SED3FIT AGN candidates and the total population,
with the exception of our lower redshift bin which is dominated by small number statistics. We
note that we find a low fraction of quiescent galaxies at z ∼ 2 (<10%) across our entire mass range,
substantially lower than the 50% found in K-band selected spectroscopic programs (Kriek et al.
2006; Kriek et al. 2009), the 35% found when classifying quiescence using sSFR (Toft et al. 2009),
or the 22% found using NIR colors (Toft et al. 2007). When we limit our sample to log10 (M∗ ) > 11,
our quiescent fraction at z ∼ 2 is 18%. We recover consistent results when using sSFR < 10−11 yr−1
as the quiescence classification. This is most similar to the SED fitting results of Toft et al. (2007)
and the 20% quiescent fraction found in the spectroscopic survey of z ∼ 2 cluster Cl J1449+0856
(Gobat et al. 2013). The dispersion in quiescent fractions at z > 2 may be driven by many factors,
including quiescent classification technique and stellar mass selection.
Finally, we plot the relation between median SFR and stellar mass for star-forming and quiescent
galaxies in both dense and field environments in Figure 5.8. To better understand how each selection
criterion for classifying a galaxy as star–forming effects the sample, we only use the NUVrJ color
criteria to initially select the star–forming sample of Figure 5.8, and plot the delineator of galaxies
with sSFR = 10−11 yr−1 as a black line for comparison. We find that at 0.9 < z < 3.5, both
star-forming and quiescent subsamples do not show any difference in median SFR based on local
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Figure 5.7: The distribution of star-forming and quiescent galaxies in our sample as defined by
rest-frame NUV-r and r-J colors (Ilbert et al. 2013). We find that the fraction of quiescent galaxies
increases by roughly an order of magnitude over our redshift range. We include the fractions of
galaxies in each subsample in Table 5.2.

Table 5.2.
z

Total

SF

0.0–0.3
0.3–0.6
0.6–0.9
0.9–1.3
1.3–1.7
1.7–2.2
2.2–2.7
2.7–3.5

7022
18941
25188
30119
15917
11995
5666
5221

5910 (84.1%)
15506 (81.9%)
19961 (79.2%)
24750 (82.2%)
13579 (85.3%)
11012 (91.8%)
5243 (92.5%)
5054 (96.8%)

Star-Forming and Quiescent Selected Samples
Quiescent
1112
3435
5227
5369
2338
983
423
167

(15.8%)
(18.1%)
(20.7%)
(17.8%)
(14.7%)
(8.2%)
(7.5%)
(3.2%)

Total 8µm AGN

SF 8µm AGN

Quiescent 8µm AGN

17
27
75
61
38
53
41
18

7 (41.2%)
25 (92.5%)
62 (82.7%)
53 (86.9%)
28 (73.7%)
46 (86.8%)
38 (92.7%)
17 (94.4%)

10 (58.8%)
2 (7.4%)
13 (17.3%)
8 (13.1%)
10 (26.3%)
7 (13.2%)
3 (7.3%)
1 (5.6%)

Note. — Galaxies selected from the COSMOS2015 catalog above the stellar mass completion limit. We identify
star-forming and quiescent galaxies using NUVrJ rest frame colors (Ilbert et al. 2013) and a sSFR cut of 10−11 yr−1
(Ilbert et al. 2010; Domı́nguez Sánchez et al. 2011), and identify AGN candidates using 8µm fitting residuals from
MAGPHYS. We do not find a significant difference in the distribution of quiescent and star–forming galaxies between
the MAGPHYS and SED3FIT samples. Note that the star-forming and quiescent fractions are computed over our
entire stellar mass range at that redshift.
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Figure 5.8: The median star formation rate in bins of 150 objects for galaxies in field (δ < δM ean ,
blue dashed), and dense (δ > 2δM ean , red solid) local environments. For this plot, we classify
galaxies as star–forming based on NUVrJ colors only, and plot the sSFR cut used elsewhere in this
work for comparison. At z > 0.9, we see that the star-forming and quiescent populations show no
dependence on local environment. At z < 0.9, only star-forming galaxies indicate a dependence
with local environment where the most massive star-forming galaxies in dense environments host
lower SFRs than massive star-forming galaxies in field environments. The star–forming populations
in dense and field environments are consistent within errors of each other when a sSFR cut is used
(see Figure. 5.5). The stellar mass completeness limit for each redshift bin is plotted with a vertical
dashed line in black.
environment. However, at z < 0.9, we do observe an environmental dependence in the star-forming
subpopulation. While quiescent galaxies have similar SFRs in both dense and field environments at
this redshift, the star-forming galaxies in dense environments show suppressed SFRs in comparison
to their peers in the field. We also identify a population of candidate quenching galaxies at the
intersection of the sSFR = 10−11 yr−1 line and the high mass end of the star–forming population
in dense environments. These high-mass, blue galaxies with extremely low specific star formation
rates are selected out from our SFMS estimation fitting, as they are no longer classified as star–
forming, and are the principal drivers in the environmental dependent decline of SFR at high masses
in dense environments at z < 0.9 seen in Fig. 5.6.
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5.6
5.6.1

Discussion
Comparison with Literature SFMS Results

In Figure 5.2, we show that our star formation – stellar mass relations (solid lines) are consistently below the literature aggregate results of Speagle et al. (2014) and most consistent with
Schreiber et al. (2015) once renormalized to a (Chabrier 2003) IMF. Our relations often indicate
lower SFRs at low stellar masses when compared to Whitaker et al. (2014) and (Lee et al. 2015),
but converge at higher stellar masses. (Lee et al. 2015) provide SFMS fits of the COSMOS field at
z < 1.3 using SFRs are calculated using rest frame infrared luminosities (LIR). Their LIRs were
estimated using the NRK method (Arnouts et al. 2013) that derives a luminosity from a galaxy’s
position on the NUV – r and r – K color-color plane. For high luminosity targets, Lee et al. (2015)
used detections in Herschel -PACS and -SPIRE, as well as Spitzer MIPS 24 µm.
Schreiber et al. (2015)’s SFMS relation is calculated using galaxies selected from the GOODSSouth (Guo et al. 2013), UDS (Galametz et al. 2013), and COSMOS-CANDELS fields (Nayyeri
et al. 2017). Galaxies are selected above the i-, K-, or H-band completeness limit of each field.
Similar to Whitaker et al. (2014), Schreiber et al. (2015) use the UVJ criteria of (Williams et al.
2009) to select star forming galaxies and estimate their star formation rates using the FAST package
(Kriek et al. 2009).
Whitaker et al. (2014)’s results are calculated from 0.5 < z < 2.5, and we plot the SFMS
relation closest to the average redshift of each of our redshift bins. Their sample is selected from
the five CANDELS fields (Grogin et al. 2011; Koekemoer et al. 2011), with stellar mass estimates
calculated using the FAST stellar population fitting package (Kriek et al. 2009). However, their
SFR estimates are calculated using two components for the unobscured and obscured SFRs. The
bolometric IR (8–1000µm) luminosity is calculated assuming the log average of the IR spectrum
templates from (Dale & Helou 2002). This total infrared luminosity and the total integrated restframe luminosity at 1216–3000 Å are added and converted into a total SFR. Overall, our SFMS
estimates are within the scatter of these works.
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5.6.2

Implications of Environmental Effects

The lack of environmental dependence at high redshift seen in Fig. 5.6 has been seen in recent
literature (e.g., Hatfield & Jarvis 2017), which classified groups using the friends-of-friends group
finding algorithm of the Galaxy and Mass Assembly survey (Driver et al. 2011; Robotham et al.
2011). It has also been observed in the 3D-HST survey (Fossati et al. 2017), with the additional
information that local environment increases the quenched fraction of galaxies most effectively in
groups with MHalo /M > 1013 . For these 3D-HST massive groups, an environmental dependence
is seen at 0.8 < z < 1.2 as well. Compared with our low confidence detection of environmental
effects from 0.9 < z < 1.3 at high masses, we posit that environmental effects are a low redshift
z < 1 behavior that is driven by the increase in abundance of massive MHalo /M

> 1013 groups

and clusters that quench star formation more efficiently than their lower halo mass ancestors. At
low redshift, we recover the suppression of star formation in dense environments as expected.
Ours is not the first work to find a lack of environmental dependence at high redshift (e.g.,
Erfanianfar et al. 2015; Leslie 2019). Leslie (2019) found no evidence for an environmental dependence of the SFMS for a sample of galaxies selected with a comoving number density cut, as
well as for X-ray groups. Rather than local environment, Leslie (2019) find an increase of bulgedominated galaxies in their samples, indicative of morphological quenching potentially playing a
significant role. Erfanianfar et al. (2015) observed the affect of local environmental on the SFMS
for galaxies in clusters and groups. Specifically between 0.15 < z < 0.5, galaxies in groups tended
toward more quiescence and also hosted a higher bulge to disk ratio than those in field or filamentary environments. They also identified a cutoff in stellar mass 1010.4 –1010.6 M , above which
the SFMS flattens and no longer increases in SFR with stellar mass. Erfanianfar et al. (2015)’s
sample is drawn from the X-ray groups observed in the ECDFS, CDFN, AEGIS and COSMOS
X-ray surveys (Finoguenov et al. 2007), selecting groups with halo masses of 1012.5 to 1014.3 M .
This differs from our local density field estimation method, which classifies density in relation to
the mean density at a given redshift. However, the majority of their group galaxy sample lie in
environments with densities > 2 times the comoving density of their overall galaxy sample, indi132
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cating a similarity between their ‘group’ environment and our ‘dense’ environment classifications.
This consistency in environmental measurements may play a part in SFMS environmental results,
indicating a specific low redshift where the densest regions support quenching more efficiently than
the lower mass halos available at high redshift (z > 0.9). We discuss the morphological behavior
of our sample in Section 5.6.3.
Finally, we also examine the role of environment on the dispersion of the SFMS. Previous works
have found a ‘U’-shaped distribution in the σSF M S –M

relation (Willett et al. 2013), where the

dispersion of galaxies around the SFMS median increases for stellar mass bins > 1010 M

and

< 108 M . Comparison to simulations indicates that this mass dependent behavior is caused by
stellar feedback unbinding the gas supply of low mass galaxies, or AGN feedback quenching the star
formation of high mass galaxies (Katsianis et al. 2017). To better understand the environmental
differences in Figure 5.6, we calculate the number density of galaxy offsets from our SFMS broken
power law fit. Shown in Figure 5.9, a tail toward negative offsets (more quiescent galaxies) becomes
more pronounced with lower redshift as the quiescent population grows in number and declines in
SFR. The number density of quiescent galaxies below the main sequence is a factor of two higher
in dense environments at z < 0.6.

5.6.3

Morphology

We also examine the morphological parameters of our sample using HST/ACS and HST/WFC3
observations of the COSMOS field taken as part of the Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS) treasury program (Grogin et al. 2011; Koekemoer et al. 2011). We
choose to limit our sample to galaxies observed in the CANDELS-COSMOS field because this field
was observed with several NIR filters probing z > 1. We use morphology estimates from HST/ACS
F814W for z < 0.9 and HST/WFC3 F160W for z > 0.9, specifically Sérsic index and bulge to
total luminosity ratios calculated for the CANDELS MegaMorph catalog (Häußler et al. 2013).
MegaMorph utilizes a modified version of the GALAPAGOS IDL code that takes advantage of a
multiwavelength version of the GALFIT fitting routine. GALAPAGOS provides wavelength depen-
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Figure 5.9: The number distribution of offsets from the SFMS, calculated in Section 5.5.2, for
all galaxies in each environment bin. We define local environments as field (δ < δM ean , blue),
intergroup (δM ean < δ < 2δM ean , green), and dense (δ > 2δM ean , red). The dispersion of offsets
from the SFMS is equivalent in all three environments above z ∼ 0.9. At z < 0.9, there is a
greater number density of negative offsets (quenched galaxies) in dense environments versus the
field or intergroup. To aid the eye, dotted lines are log-normal fits to each environment subsample.
Vertical lines are included to identify the location of the SFMS and rough estimates for the location
of quiescent and star bursting galaxies, a factor of three below and above the SFMS, respectively.
dent morphological parameters for galaxies observed in all five CANDELS fields, and for each filter
any given object has been observed. This ensures we consistently observe the rest-frame optical
continuum emission across our sample. In total, we used morphological measurements for 4637 of
our 120,069 total sample.
We first consider the median Sérsic index behavior of our sample in Figure 5.10. We find that
the peak of the Sérsic distribution of galaxies on the SFMS most lies at 0.8 at z < 1, with an
elevated subpopulation of galaxies with intermediate, S0-like, Sérsic indices >1.75 above 1011 M
and an overall increase in median Sérsic index > 2 at z > 1.3. An elliptical population of galaxies
with Sérsic indices >2.25 is found a factor of 2 below the SFMS, intersecting the SFMS at the
highest stellar mass bins at all redshifts. These findings are consistent with the observed shutdown
of star formation in the highest mass galaxies prior to the quenching of lower mass galaxies (Cowie
et al. 1996; Perez-Gonzalez et al. 2008).
While Sérsic indices are powerful tools for understanding the total light profile and global
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a vertical dashed line in orange. Sérsic indices are measured using HST/ACS F814W photometry
from 0 < z < 0.9 and HST/WFC3 F160W from 0.9 < z < 3.5 (Häußler et al. 2013).
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Figure 5.11: Median bulge to total luminosity ratio of galaxies within SFR-stellar mass bins of 0.25
dex. The solid orange line corresponds to the broken power law fit to the star–forming population in
each redshift selected using NUVrJ color-color criteria and sSFR cut (black dashed line) of > 10−11
yr−1 as described in Section 5.5. Stellar mass completeness for each redshift bin is plotted with
a vertical dashed line in orange. Bulge to total luminosity ratios are measured using HST/ACS
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Figure 5.12: Median Sérsic index of galaxies within SFR-stellar mass bins of 0.25 dex using the
COSMOS Zurich Mor- phological Catalog. The solid orange line corresponds to the broken power
law fit to the star–forming population in each redshift selected using NUVrJ color-color criteria and
sSFR cut (black dashed line) of > 10−11 yr−1 as described in Section 5.5. Stellar mass completeness
for each redshift bin is plotted with a vertical dashed line in orange. Sérsic indices are measured
using the full COSMOS field mosaic in HST/ACS F814W.

structure of a galaxy, we want to consider how individual structural elements such as disks and
bulges evolve with time. Therefore we use the two component (bulge+disk) Sérsic fits from the
MegaMorph catalog to calculate bulge to total luminosity ratios. Shown in Figure 5.11, we find that
the SFMS passes through a space consistently dominated by disky galaxies with bulge fractions of
<30%. The quiescent population seen at low SFRs in Figures 5.8 and 5.10 host galaxies dominated
by their bulge components, confirming this population as one of quenched elliptical and lenticulars.
Above z > 2.2, even though HST/WFC3 F160W observations are used, the overall sample is fit by
dominant bulge components, potentially due to the difficulty in detecting disks as surface brightness
dimming becomes a problem at high redshift.
Finally in Fig. 5.12, we examine the Sérsic indices of our sample across the COSMOS field
using the wide area coverage of the COSMOS Zurich Morphological Catalog (Sargent et al. 2007;
Scarlata et al. 2007). Including HST/ACS F814W observations of the entire COSMOS field, the
COSMOS Zurich Morphological Catalog delivers more than an order of magnitude improvement
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in detections while being limited to our lower redshift bins. Overall we find consistent results with
the CANDELS-COSMOS Sérsic indices shown in Fig. 5.10, though with a much clearer delineation
between the SFMS and the quiescent population. We also observe a sharp increase in Sérsic indices
in the quiescent population in our lowest redshift bin, increasing from ∼1.75 to >2.25 from z = 0.6
to present day.

5.7

Conclusions

We investigate how the star-formation rate – stellar mass relation evolves with redshift and
environment by estimating the star formation rates and stellar masses using fits to the SEDs of all
galaxies above the stellar mass completeness limit of the COSMOS2015 catalog (Laigle et al. 2016).
Our sensitivity to local environment using the weighted adaptive kernel smoothed maps of the
COSMOS field (Darvish et al. 2015) provides a unique opportunity to discover which subpopulations
are driving the previously observed evolution of the SFMS with redshift (Whitaker et al. 2012, 2014;
Lee et al. 2015). From our investigation, we identify several key results that provide greater context
to our knowledge of the SFMS:
• The star formation – stellar mass relation exhibits a sensitivity to local environment from
0 < z < 1 where dense environments host massive galaxies with suppressed SFRs in comparison their like-mass counterparts in field environments. At z > 1, no difference between
environment is detected.
• A dependence of the SFMS with environment is not observed when both a NUVrJ and sSFR
selection function is used to select star forming galaxies, however a dependence is seen in the
global population of galaxies due to a population of low sSFR, yet blue, high mass galaxies in
dense environments. The star formation rates of blue, star-forming galaxies are suppressed
in dense environments at z < 1 in comparison to the star-forming galaxies in the field. This
may be due to the dense environments achieving the necessary mass to host hot intracluster
halos that suppress star formation. Galaxies with quiescent colors form stars at the same
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negligible rates in both dense and field environments in all redshift bins.
• At high stellar masses (> 1010 M ), our fit to the SFMS increases in slope with increasing
redshift. z ∼ 1 appears to be the onset of galactic ‘downsizing’, where lower mass galaxies
are forming stars with higher efficiency than their higher mass counterparts.
• The galaxies on the SFMS exhibit median Sérsic indices of 0.8 at z < 1, which then rise to
> 1.75 at high stellar masses. We also observe a clear difference in Sérsic index between the
SFMS population and the quiescent population, which hosts Sérsic indices >2.25 at present
day and > 1.75 at z > 0.6. When considering a two part component fit to the light profile
of our sample, we find that the the SFMS hosts bulge fractions of <30%, however at high
redshift our conclusions are limited due to surface brightness dimming.
When considering these results, we assemble a picture of how different galaxy populations evolve
over cosmic time. At high redshift, galaxies at all stellar masses are forming stars at a rate that is
an order of magnitude or more greater than observed at present day. The most massive galaxies
in the universe during this high redshift epoch dominate the star-forming activity of the universe
as well. Then from 1 < z < 3.5, the most massive galaxies quickly undergo a reduction in star
formation rate by more than an order of magnitude while intermediate mass galaxies decline in star
formation rate by a factor of ∼ 3. Finally, from z ∼ 1 to present day, the most massive galaxies
undergo suppressed star formation in comparison to low and intermediate mass galaxies at the same
redshift. This is evidence of the process of galactic ‘downsizing’, where the most massive galaxies
conclude their star-formation dominated evolutionary eras first. From our results in Fig. 5.8, we
find that the star-forming galaxies residing in dense environments host lower star formation rates
than star-forming galaxies in field regions. This may be evidence for the onset of environmental
quenching such as ram-pressure stripping and strangulation rising in effectiveness as the massive
environments identified here increase in total baryonic and dark mass. As the density maps used
in this study measured environments in the COSMOS field as a function of the mean density in a
given redshift slice, future studies may build upon these results by also investigating the absolute
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mass of cluster and proto-clusters to confirm whether the environmental effects we observe here are
a function of absolute total mass or the increasing dynamic range of environmental densities at low
redshift.
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CHAPTER

6
SUMMARY AND FUTURE WORK

6.1

Summary of Dissertation Projects

My dissertation investigates how the most massive galaxies in the universe, brightest cluster
galaxies, grow their stellar mass over time. This collection of works began with the analysis of
in-situ star formation and the pre-existing stellar populations in BCGs out to z ∼ 1 (Chapters 2
& 3 respectively; Cooke et al. 2016; Cooke et al. 2018). We traced the progenitors of BCGs out
to z ∼ 3 to determine when they hosted star formation that dominated their growth (Chapter 4;
Cooke et al. 2019) and how the overall star formation activity at these redshift depended on local
environment for the general population (Chapter 5; Cooke et al., in preparation). These works
collectively contribute to the understanding of how BCG progenitors acquire their stellar mass as
a function of halo mass in the low redshift universe, how stellar populations age in BCGs, and how
local environment affects BCG progenitors at high redshift in comparison to their lower mass peers.

6.2

Star Formation In Intermediate Redshift 0.2 < z < 0.7 Brightest Cluster Galaxies

Inspired by the observation of star-forming BCGs in massive cool-core or merging clusters
(O’Dea et al. 2008, 2010; Tremblay et al. 2014), the science goal of (Cooke et al. 2016) is to
understand how often BCGs host elevated levels of star formation (> several M
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selected massive, relaxed clusters from the Sloan Giant Arc Survey (Bayliss et al. 2011) and Cluster
Lensing and Supernova Survey with Hubble (Postman et al. 2012). These samples select massive
(1014 M ) clusters that were identified by their strong gravitational lensing features or by X-ray
observations. By specifically selecting massive clusters, we are observing the most evolved clusters
and potentially, the most evolved BCGs. To estimate the SFR of each BCG, we fit the spectral
energy distributions of each galaxy from the NUV-FIR using GALEX, SDSS, WISE, & Herschel
photometry. To complement the SFRs estimated through SED fitting, we also estimate unobscured
SFR using GALEX NUV continuum, Hα, and [OII] flux. These estimate SFRs in optically thin
regions.
We find that all but three of our sample of 42 BCGs have quenched star formation (< 10
M

yr−1 ). When taking into consideration the large stellar mass of each BCG (log10 (M∗ /M )

> 11.2), we consider the majority of the BCG population to be passively aging, with little to no
gas available to form significant fractions of its own mass in new stars. We also measured the 1.4
GHz rest-frame radio emission and found that the majority of our sample hosted radio AGN with
> 1024 W Hz−1 . This is sufficient to heat the surrounding ICM and prevent additional gas from
precipitating onto the BCG (McNamara & Nulsen 2007, 2012; Fabian 2012). Finally, we estimated
the star formation observed in two rare BCG-BCG mergers. First observed in Tremblay et al.
(2014), SDSS J1531+3414 is a merging galaxy cluster system where the BCGs of two merging
clusters are beginning to coalesce into a single BCG. We also investigate a later stage merging
BCG system, SDSS J1336-0331, hosting a dust lane that partially obscures one of the two merging
nuclei.
In comparison to the available literature, Cooke et al. (2016) probed a lower sSFR-z space
than previously explored through the analysis of massive, relaxed clusters that were only recently
identified as lensing systems (Bayliss et al. 2011; Sharon et al. 2019). Specifically, (Cooke et al. 2016)
contributed toward the understanding of AGN feedback in massive clusters, and confirmed that
the radio emission in BCGs is dominated by nuclear emission in the central engine (Yu et al. 2018;
Cheale et al. 2019; Shen et al. 2019). Additionally, the case study of SDSS J1336-0331 provides
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a new look at a BCG-BCG merger, an event rarely observed in the low redshift universe (Clowe
et al. 2006), providing critical insights into the stellar mass acquisition process at low redshift.

6.3

Stellar Mass and 3.4 µm M/L Ratio Evolution of Brightest
Cluster Galaxies in COSMOS since z ∼ 1

Following the results of Cooke et al. (2016), I collaborated with Dr. Kevin Fogarty to investigate the properties of BCG stellar populations hosted by lower mass groups and clusters in the
COSMOS field (Chapter 3). We first select BCGs from well-populated clusters with > 30 spectroscopically confirmed or high probability (P > 0.5) members from the COSMOS X-ray Group
Catalog (Finoguenov et al. 2007; George et al. 2011). To identify the BCG from each group, we
independently estimate the stellar masses of all confident cluster members using a modified version of the SED fitting package iSEDFIT (Moustakas et al. 2013; Moustakas 2017). To maximize
the wavelength completeness of our input data, we include observations from GALEX, Subaru,
Canada-France-Hawaii Telescopes, VISTA, Spitzer, and Herschel (Laigle et al. 2016).
We find that our sample of BCGs in COSMOS weakly decline in SFR by approximately an
order of magnitude from z ∼ 1 to present day. To better understand how these populations are
aging, we examined how the ratio M∗ /νL3.4 µm evolves with redshift. At 3.4 µm, the old stellar
population dominates the emission, and the higher the mass-to-light ratio, the more dominated by
these low mass, old stars the galaxy has become. Again, we find that BCGs and BCG candidates
host aging stellar populations with a slowly increasing mass to light ratio since z ∼ 1. Therefore its
unlikely that these samples experienced any systematic star forming phases during this time. We
also compare our sample SFR estimates to those from the literature using other selection methods,
and discover an environmental dependence on sSFR. BCGs hosted by more massive halos than our
sample exhibited a greater range of sSFRs, with an order of magnitude higher maximum.
Cooke et al. (2016) represents a new improvement in the understanding of the relationship between local cluster dynamical mass and BCG star formation activity. We also provide comparisons
between IR, X-ray, and UV selected samples (Hoffer et al. 2012b; Postman et al. 2012; McDonald
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et al. 2016) that indicate local environment has a larger effect on literature star formation estimates
than their selection functions. Our sample also hosts systematically lower SFRs from the more massive McDonald et al. (2016) sample, providing evidence that BCG SFRs depend on the total mass
of their host cluster. Finally, Cooke et al. (2016) includes a relation between 3.4 µm luminosity
and stellar mass as a function of redshift. This relation is made available to the community for
use in estimating stellar mass at higher redshifts, building upon the previous 3.4 µm calibrations
currently available at low redshift (Wen et al. 2013).

6.4

Stellar Mass Growth of Brightest Cluster Galaxy Progenitors
in COSMOS since z ∼ 3

To better understand when SFR begins to manifest a dependence on local environment, we
selected BCG progenitors out to high redshift (z ∼ 3) from the COSMOS survey. Progenitors were
selected from the COSMOS field using the evolving co-moving number density selection method
evolution tracks derived from the Illustris Project (Torrey et al. 2017). These evolution tracks
correspond to a redshift-dependent stellar mass cut that selected galaxies based on their likelihood
of inhabiting the universe at a similar number density as BCGs in the present day universe. Once
selected from the COSMOS2015 catalog, We fit the FUV–FIR spectral energy distributions using
public packages MAGPHYS & SED3FIT to estimate SFR and stellar mass. We then compared these
estimates to their local density using the weighted adaptive kernel smoothed maps of the COSMOS
field (Darvish et al. 2015).
We find that BCG progenitors experience three epochs of stellar mass growth including different
levels of contribution from in-situ star formation and galaxy mergers. Star formation can account
for the majority of stellar mass growth until z ∼ 2.2, after which star formation and mergers are
mutually responsible until z ∼ 1.3. Finally, gas–poor mergers are required to explain the observed
growth rates from z ∼ 1.3 to today. There is only evidence of any dependence on environment in
our lowest redshift bins, with none observed beyond z > 1.3. We find that for BCG progenitors with
morphological classifications at high redshift, most are spheroidal (∼60%) or irregular (∼40%).
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For this study of BCG progenitors, our work includes SFR estimates out to z ∼ 3, a redshift
range that has only begun to be explored (e.g., Morishita et al. 2015). Additionally, by using a stellar
mass selection function derived from the Illustris Project, a baryonic-physics enabled cosmological
simulation, Cooke et al. (2019) represents a valuable follow up to the available literature which
is often based on dark matter only simulations (e.g., Morishita et al. 2015; Hill et al. 2017) or
constant number density methods (e.g., Marchesini et al. 2014; Morishita et al. 2015). Finally, our
analysis of individual morphological properties is a rarely available analysis due to the difficulty of
identifying morphological features at this redshift that often requiring the use of median stacked
light profiles (e.g., Morishita et al. 2015).

6.5

The Evolving Role of Environment on the Star Formation
Rate – Stellar Mass Relation in the COSMOS Field from
0 < z < 3.5

The star formation within a galaxy has been observed to correlate well with its host’s stellar
mass over large samples. This star formation rate – stellar mass correlation, or Star Forming Main
Sequence (SFMS), has been examined in the local universe and at high redshift, but many questions
remain as to how it evolves. For example, do dense local environments suppress star formation rates
at the same masses or to the same degree as it does at low redshift? What populations dominate
the suppression of star formation at high stellar masses? The answers to these questions will
address the role of the local environment and the evolution of quenching behavior with redshift. To
investigate this important correlation, we use all galaxies observed in the COSMOS field above the
stellar mass completeness limit of the COSMOS2015 catalog. For each galaxy, we construct spectral
energy distributions from the FUV-FIR and fit these SEDs with stellar and dust components using
MAGPHYS and SED3FIT. By plotting the median SFR over stellar mass for samples defined by redshift,
local environment, and NUVrJ colors, we identify which galaxy populations experience quenching.
Our median SFMS functions probe out to z ∼ 3.5, providing a key comparison to other high
redshift SFMS estimates (Speagle et al. 2014; Whitaker et al. 2014; Lee et al. 2015; Schreiber et al.
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2015). Our estimates are noted to indicate somewhat lower SFRs per unit stellar mass than others
in the literature (Speagle et al. 2014; Whitaker et al. 2014; Lee et al. 2015; Schreiber et al. 2015),
however our SFMS fits still lie within the scatter of these relations. We also find a lower fraction
of quiescent galaxies than in the literature where, at z > 2, ∼10% of our sample is classified as
quiescent using NUVrJ colors. This is lower than the 20–30% values found using sSFR cuts (Toft
et al. 2009), or on protocluster samples (Gobat et al. 2013), which are all limited to the highest
masses (>1011 M ). When limited to the same mass range, our quiescent fraction is raised to 18%.
Finally, we expand upon the work of Davies et al. (2018) by measuring the distribution of offsets
from the main sequence as a function of environment, a quantity previously studied as a function
of mass and redshift. We confirm the result of Davies et al. (2018) that higher stellar masses have
more negative offsets from the main sequence than lower mass galaxies at a given redshift, and
also find that the distribution of galaxies around the SFMS is not sensitive to environment at any
redshift when solely considering star–forming galaxies. Only when considering the total population,
quiescent and star–forming, does an environmental dependence manifest at z < 0.9. We find that
this is primarily due to massive, blue, low sSFR galaxies that may have undergone a quenching
process.

6.6
6.6.1

Future Work
Investigating the Evolution of the Galaxy Stellar Mass Function

To better understand the roles of stellar mass supplied via star formation or delivered via
mergers, the past decade has seen many works quantifying star formation as a function of stellar
mass or environment (e.g., Noeske et al. 2007b; Elbaz et al. 2011; Lee et al. 2015; Darvish et al.
2018). However these works have yet to reach a consensus on stellar mass growth rates over Gyr
timescales due in part to the difficulty in constraining the number of galaxy mergers depositing
mass upon a galaxy of a given mass. Additionally, quantifying the number and mass distribution
of galaxy mergers is a difficult task, with estimates between simulations and observations agreeing
only recently (Lotz et al. 2011; Rodriguez-Gomez et al. 2017; Duncan et al. 2019). Future research
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Figure 6.1: The SMF of star-forming (blue) and quiescent (red) galaxies from CANDELS between
1 < z < 2 (Mortlock et al. 2014). At z ∼ 1, stellar mass completeness is lost below log(M∗ /M ) ∼
8.5.
would benefit from measuring the evolution of stellar mass deposition rates, to better understand
the galaxy merger dominated eras observed in this dissertation.
The astrophysics community has reached a time where data from baryonic-physics enabled hydrodynamic cosmological simulations such as the Illustris Project and the upcoming high sensitivity
near-infrared (NIR) data from JWST may be combined to illuminate the complicated nature of
mergers from low to high mass cluster members. In the future, we will use the results of the Illustris
cosmological simulation to estimate the effect of mergers and environment on the low mass end of
the SMF between 1 < z < 2. This redshift is also a hypothesized epoch for the star formation
in dense environments to be enhanced, rather than suppressed (Elbaz et al. 2007). I plan to use
the multiwavelength archival data of the CANDELS EGS field, which overlaps with the upcoming
Cosmic Evolution Early Release Science (CEERS) survey (Finkelstein et al. 2017) to measure the
low mass end of the galaxy stellar mass function in Illustris simulation data in preparation for the
JWST era. For this mock survey, I will use commonly available filters from the NUV to FIR and
the point spread function and filters for JWST to measure the optical to NIR emission of galaxies
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in simulated dense regions such as protoclusters. I will then estimate their stellar masses through
spectral energy distribution (SED) fitting. By measuring how the galaxy stellar mass function
changes at low stellar mass over redshift, we will estimate the number of mergers necessary to create such a change, and compare this mass deposition rate to the growth of massive galaxies. This
approach can also be repeated for multiple deep fields to account for the effect of cosmic variance
on the predicted and observed SMFs.

6.6.2

The 3-Dimensional Distribution of Galaxies Within Large Scale Structure

Permeating each galaxy cluster and unseen via direct observation, yet inferred by their massive
gravitational potential wells, is a halo of dark matter believed to have originally formed from
the initial random density peaks in the early universe (White & Frenk 1991). This dark matter
halo represents 90% of the total mass of a galaxy cluster, with the stellar and gas components
only contributing ∼10%. Surrounding galaxy clusters are additional galaxies and dark matter,
but instead of a single gravitational potential, they are arranged in filamentary structures also
dominantly consisting of dark matter (Bond et al. 1996). The motions of galaxies with respect
to galaxy clusters and large scale structure are thus dominated by the dark matter component.
Previous attempts by the astrophysics community to address this issue have focused on measuring
the gravitational field of the underlying structure through gravitational lensing (Leauthaud et al.
2011). By using the structure of the galaxies themselves, which populate multiple locations within
the gravitational potential, new insights can be drawn and we can investigate how the large scale
structure surrounding a galaxy cluster affects the galaxies within it (Fig. 6.2).
The complex history of galaxy mergers contributing to BCGs (Cooke et al. 2019) is a process
that affects not only total stellar mass. Prior to the final merging stage, the secondary galaxy
involved in the merger often passes by the primary before the gravitational influence of the pair
brings them back together. This flyby will induce tidal forces upon both galaxies, distorting the
morphologies of the pair through the creation of tidal tails (e.g., Bridge et al. 2010). The stellar
component of these tails remain bound, however on more radial orbits than before the merger.
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Figure 6.2: Density plot of a simulated dark matter web from the Illustris Project (blue), consisting
of filamentary structures connecting nodes of high mass dark matter concetrations. Overplotted is
the baryonic gas content (red) occupying the filaments and nodes as a diffuse gas, or in individual
galaxies and galaxy clusters. (Illustris Collaboration)
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Over time, mergers are believed to create the triaxial morphology of BCGs observed today (De
Lucia & Blaizot 2007; Naab et al. 2009) through the destruction of any organized rotation found
in the merger remnant progenitors (Miller 1983). The dispersion supported merger remnant may
still retain information regarding its past and its relationship with the local environment.
In Joeveer et al. (1978), the massive galaxies within the Perseus-Pisces supercluster were observed to be aligned in a chain connecting the member clusters of the supercluster. Rather than
a random alignment, the large scale structure surrounding the galaxies influenced their morphologies. Following the analysis of BCGs in comparison to their host clusters at low redshift (Binggeli
1982; Lambas et al. 1988), there has been a procession of works benefitting from the current era
of wide field survey science that have identified an alignment between the major axis of a BCG, or
other massive galaxies, and the surrounding distribution of matter on large scales (e.g., NiedersteOstholt et al. 2010; Soucail et al. 2015; Foex et al. 2017; Hirv et al. 2017; West et al. 2017). These
alignments indicate an anisotropic distribution of kinetic energy imparted on the galaxy, arranging
stellar orbits into a preferred direction with respect to the surrounding galaxy cluster. Several environmental effects may be combined to produce this effect. One possible culprit is the surrounding
dark matter web (Bond et al. 1996), that includes massive filaments with gravitational influence
where field galaxies would be attracted and finally commute into a nearby galaxy cluster where the
filaments intersect (Dubinski 1998). Additionally, the net rotation of the ICM within a cluster, or
the net axis of revolution for satellite galaxies orbiting the cluster may also collimate the matter
accretion onto BCGs and their progenitors (Faltenbacher et al. 2008).
Future directions of BCG formation research should take into account the three dimensional
structure that surrounds these important objects. However, this is extremely difficult due to the
projection of a complex three dimensional system onto the two dimensional plane of the sky. As
my future work compares the evolution of galaxies in simulated environments such as The Illustris
Project, further comparisons between the known three dimensional arrangement of galaxies in
simulations and the large scale environments surrounding clusters will provide a new frontier of
research to how these massive galaxies become the exceptional objects we have observed across the
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universe.

150

BIBLIOGRAPHY

Ahn, C. P., et al. 2012, The Astrophysical Journal Supplement Series, 203, 21
Alam, S., et al. 2015, The Astrophysical Journal Supplement Series, 219, 12
Alberts, S., et al. 2016, The Astrophysical Journal, 825, 72
Allen, S. W., Rapetti, D. A., Schmidt, R. W., Ebeling, H., Morris, R. G., & Fabian, A. C. 2008,
Monthly Notices of the Royal Astronomical Society, 383, 879
Arnaud, M., & Evrard, A. E. 1999, Monthly Notices of the Royal Astronomical Society, 305, 631
Arnouts, S., et al. 2013, Astronomy & Astrophysics, 558, A67
Ascaso, B., Lemaux, B. C., Lubin, L. M., Gal, R. R., Kocevski, D. D., Rumbaugh, N., & Squires,
G. 2014, Monthly Notices of the Royal Astronomical Society, 442, 589
Aune, S., et al. 2003, in Instrument Design and Performance for Optical/Infrared Ground-based
Telescopes, Vol. 4841, Instrument Design and Performance for Optical/Infrared Ground-based
Telescopes, ed. M. Iye & A. F. M. Moorwood, 513–524
Auriemma, C., Perola, G. C., Ekers, R. D., Fanti, R., Lari, C., Jaffe, W. J., & Ulrich, M. H. 1977,
Astronomy & Astrophysics, 57, 41

151

Bibliography
Bai, L., et al. 2014, The Astrophysical Journal, 789, 134
Balogh, M. L., et al. 2011, Monthly Notices of the Royal Astronomical Society, 412, 2303
Barnes, J. E., & Hernquist, L. 1996, The Astrophysical Journal, 471, 115
Baum, S. A., & O’Dea, C. P. 1991, Monthly Notices of the Royal Astronomical Society, 250, 737
Bayliss, M. B., Gladders, M. D., Oguri, M., Hennawi, J. F., Sharon, K., Koester, B. P., & Dahle,
H. 2011, ApJL, 727, L26
Bayliss, M. B., Hennawi, J. F., Gladders, M. D., Koester, B. P., Sharon, K., Dahle, H., & Oguri,
M. 2011, The Astrophysical Journal Supplement Series, 193, 27
Bell, E. F., et al. 2006, The Astrophysical Journal, 640, 241
Bellstedt, S., et al. 2016, Monthly Notices of the Royal Astronomical Society, 460, 2862
Bennert, N., Falcke, H., Schulz, H., Wilson, A. S., & Wills, B. J. 2002, The Astrophysical Journal,
574, L105
Bennert, N., Jungwiert, B., Komossa, S., Haas, M., & Chini, R. 2006, Astronomy & Astrophysics,
459, 55
Bernardi, M. 2009, Monthly Notices of the Royal Astronomical Society, 395, 1491
Bernardi, M., Hyde, J. B., Sheth, R. K., Miller, C. J., & Nichol, R. C. 2007, The Astronomical
Journal, 133, 1741
Berta, S., et al. 2013, Astronomy & Astrophysics, 551, A100
Best, P. N., & Heckman, T. M. 2012, Monthly Notices of the Royal Astronomical Society, 421, 1569
Best, P. N., Kauffmann, G., Heckman, T. M., Brinchmann, J., Charlot, S., Ivezić, Ž., & White,
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